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Introduction

This handbook is dIVided Into two parts (I) Wellhead
Protection Area (WHPA) Delineation, and (II) Implemen
tation of Wellhead Protection Areas Figure 1-1 shows
how Part I IS orgamzed Chapter 1 provides a general
introduction to fundamentals of contaminant hydrogeol
ogy, followed by Chapters 2 (Potentiometric Maps) and
3 (Measurements and Estimation of AqUifer Parameters
for Row Equations) which cover essential hydrogeologic
concepts for WHPA delineation The last three chapters
in Part I cover speCific WHPA delineation methods sim
ple geometric and analytical methods (Chapter 4), hy
drogeologic mapping (Chapter 5) and computer
modeling (Chapter 6).

Figure 1·2 shows how Part II IS orgamzed Chapter 7
provides an overview of the major steps In developing a

Wellhead Protectlon Area (WHPA) Delineati~n

Essential Hydrogeologic Concepts for WHPA Delineation

I I

I
V CHAP1ER3

CHAPmR 2 MMsJrement.m ErtlmaIIon
l'clInllcmelrlc Mape ofAquner Paramelot8

lor Flow EqUlllfonl

wellhead protection program Chapters 8 (Contaminant
Identification and Risk Assessment) and 9 (Wellhead
Protection Area Management) contain numerous tables,
checklists and worksheets for the steps that follow de
lineation of wellhead protection areas (Part I) Chapter
10 Includes SIX case studies that Illustrate delineation
methods and Implementation approaches for a variety
of hydrogeologic settings

WHO SHOULD USE THIS HANDBOOK
Anyone responsible for delineating the boundaries of a
wellhead protection area, Identifying and evaluating po
tential contaminants, and Identifying wellhead manage
ment options Will find the handbook useful

Users Without Specialized Train ing in
Hydrogeology

Most of thiS handbook does not reqUIre speCialized
training In hydrogeology BaSIC math Skills, including
high school-level algebra, IS reqUired for understanding

~
HAPTER7

DevelopIng AWlIIlhead
Pnot8Cllon Program

Overview of Major Steps in Implementing
a Wellhead Protection Program

I I'vI
IWHPA Delineation Methods I

V
CHAl"T'ER4
~ /oIelhodI Fof
~WtlIlMd
I'nMcllcnAt.a

4.3 a.om.crlo MeIhodlI

.c.4~

l1mutTrawl

CHAPTER 5
Hydrogeologic
MepplngFcf

WIlIlIacI Proteellcn

5.8 Karat Aqul1era

57UoofGIS

CHAPTER 6
UN of CompUlW

Modell for
Wellhead ProI8clIon

PART I
WlIII1lll1d

Protocllon Area
Dollna1fan
(FIgure I 1)

CHAPTER 8
ContamInant
klentlllcallon

and Risk
AaIIOll8lllllnt

CHAPTER 10
Implementation
case Studies

CHAPTER 9
Woll1l11ld

ProlllClfon Area
Management

Figure 1·1. Guide to Part I of this publication

XVI

Figure 1·2 Guide to Part II of this publication



and uSing the equations In the handbook Chapter 1
(Fundamentals of Contammant Hydrogeology), Section
21 (Fundamental Hydrogeologic Concepts) and Sec
tion 31 (Hydrogeologic Parameters of Intc~rest) provide
the necessary background m hydrogeology for mterpret
Ing and uSing potentlometnc maps (Chaptl~r2), estimat
Ing Important aquifer parameters (Chapter 3), and uSing
simple methods for mapping wellhead PfCltectlon areas
(Chapter 4)

Methods descnbed In Chapters 5 (Hydrogeologic Map
ping for Wellhead Protection) and 6 (Use of Computer
Models for Wellhead Protection) generally reqUire some
special training In hydrogeology and should be used
With great caution, If at all, by anyone Without this train
Ing

Users With Training In Hydrogeology
Users who have some tralmng In hydrogeology but who
are less familiar With hydrochemistry may find that
Chapter 1 gIVes a useful introduction to chemical as
pects of ground water contamination and tlansport Sec
tions 4.1 (Cntena for Delineation of Wellhead Protection
Areas) and 42 (Overview of Wellhead Protection De
lineation Methods) are reqUired reading for under
standing the WHPA delineation process The purpose of
Chapters 5 (Hydrogeologic Mapping for Wellhead Pro
tection) and 6 (Use of Computer Models for Wellhead
Protection) IS to provide a comprehensive Identification
of available methods and some gUidance on selection
of methods A detailed diScussion of specific methods IS
beyond the scope of this handbook, but major refer
ences containing more detailed mformatlon are Cited In
the text or Identified at the end of each chapter In
reference Index tables

RELATIONSHIP TO STATE GUIDANCE
DOCUMENTS

In the United States, methods for protection of ground
water and wellhead areas are In a creative penod of
development both m the technical and policy arenas
There IS no smgle "besf' approach for all hydrogeologic
or soclO-polltlcal settings
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Dunng the preparation of this handbook, all state ground
water and wellhead protection programs were contacted
With a request for copies of any forms, worksheets, and
gUidance documents that had been developed as of late
1992 for wellhead protection Most states responded
With matenals that were very helpful for the development
of thiS document This handbook represents a catalog
and syntheSIS of gUidance documents developed by
U S EPA and approaches developed at the state level
However, procedures established by state wellhead pro
tection programs should be the pnmary gUide In estab
lishing wellhead protection areas Departures from
state-established procedures based on Information In
thiS handbook should first be approved by the appropn
ate state authonty

HOW TO OBTAIN OTHER DOCUMENTS
CITED IN THIS HANDBOOK

ThiS handbook contains numerous references In which
additional or more detailed Information can be obtained
about a tOPiC Most chapters have a table Just before the
reference section which prOVides an Index of references
by tOPiC Wherever pOSSible, NTIS acquIsition numbers
or other sources of government documents are proVided
(National Techmcal Information Service, 5285 Port
Royal Road, Springfield, VA22161, 800/624-8301) EPA
documents available from other sources are indicated
by the followmg abbreviations

CERI U S EPA, Center for EnVIronmental Research
Information (CERI), 26 W Martin Luther King Dnve,
CmClnnatl, OH 45268, 513/569-7562

EPCRA Emergency Planmng and Commumty Right-To
Know Act (EPCRA) Information Hotline 800/535-0202

/

ODW U S EPA, Office of Drmkmg Water (WH-550), 401
M Street, SW, Washmgton, DC 20460, Safe Dnnkmg
Water Hotline 800/426-4791

RIC RCRA Information Center, Office of Solid Waste
(OS-305), 401 M Street, SW, Washmgton, DC 20460,
RCRA/Superfund Hotline 800/424-9346





Chapter 1
Fundamentals of Contaminant Hydrogeology

This chapter provides a bnef review of fundamental
concepts m contammant hydrogeology Most methods
for delineation of wellhead protection areas (WHPAs)
use physical pnnclples of ground water flow (Chapters
2 through 5) The purpose of wellhead protection, how
ever, IS to prevent or mitigate ground water contamma
tIon ThiS requires an understandmg of (1) how ground
water becomes contammated (Section 1 1), (2) basIc
processes that affect the transport of contammants m
ground water (Section 1 2), and (3) how the mteractlon
of phySical and chemical processes determine the
shape of contaminant plumes (Section 1 3) Section 1 4
discusses how contaminant plume behavior IS affected
by geologic matenal properties, pH and E.h, leachate
composition, and source charactenstlcs

1.1 General Mechanisms of Ground
Water Contamination

Contammant releases to ground water cain occur by
design, by accident, or through neglect Most ground
water contammatlon mCldents Involve substances re
leased at or only slightly below the land surface Conse
quently, most contaminant releases affect shallow
ground water Initially Certain activities, however, such
as 011 and gas exploration, deep-well waste InJection,
and pumping of ground water underlain by saltwater,
Initially tend to affect deeper ground water

Ground water contamination can occur by infiltration,
recharge from surface water, direct migration, and
InteraqUifer exchange The first and second mecha
nisms pnmanly affect surface aquifers, the third and
fourth may affect either surface or deep aqUIfers

1.1.1 Infiltration

Infiltration IS probably the most common ground water
contamination mechanism A portion of the water that
falls to the earth as precipitation slowly infiltrates the soli
through pore spaces m the soli matnx A~ the water
moves downward under the Influence of gravity, It diS
solves matenals With which It comes Into contact Water
percolating downward through a contaminated zone can
dissolve contaminants, forming leachate thdt may con
tain inorganic and orgamc constituents The leachate
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Will continue to migrate downward under the Influence
of gravity until It reaches the saturated zone In the
saturated zone, contaminants In the leachate Will spread
honzontally In the direction of ground water flow, and
vertically due to gravity (Figure 1-1) ThiS process can
occur beneath any surface or near-surface contaminant
source exposed to the weather and the effects of Infll
tratmg water

1.1.2 Recharge From Surface Water

Normally, ground water moves toward or "discharges" to
surface water bodies However, movement of contami
nants from surface water to ground water can occur In

losmg streams (where normal elevation of the water
table lies below the stream channel) and dunng flooding
Flood stages may cause a temporary reversal In the
hydraulic gradient, With a flow of contaminants Into bank
storage, or contaminant entry through Improperly cased
wells (Figure 1-2a) Schwarzenbach et al (1983) docu
mented movement of organic contaminants In nver
water Into glaCial sand and gravel aqUifers In the Aare
and Glatt valleys In SWitzerland Contammated surface
water can enter an aqUifer If the ground water level
adjacent to a surface water body IS lowered by pumping
(Figure 1-2b)

1.1.3 Direct Migration

Contaminants can migrate directly Into ground water
from below-ground sources (e g, storage tanks, plpe
hnes) that he Within the saturated zone Much greater
concentrations of contaminants may occur from these
sources because of the continually saturated conditions
Storage sites and landfills excavated to a depth near the
water table may also permit direct contact of contami
nants With ground water In addition, contaminants can
enter the ground water system from the surface by
vertical leakage through the seals around well casings,
through wells abandoned Without proper procedures, or
as a result of contaminant disposal through detenorated
or Improperly constructed wells
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Figure 1-2. Ground water contamination from surface water re
charge (a) contaminated floodwater entering an Im
properly cased well (from Deutsch, 1963), (b)
contamInated water Induced to flow from surface
water to ground water by pumping (from Deutsch,
1965).

1.1.4 Interaquifer Exchange

Contaminated ground water can mix With uncontami
nated ground water through a process known as
InteraqUifer exchange, In which one water-bearing U ilt
communicates hydraulically With another This occurs
most commonly in bedrock aqUifers where a well pene
trates more than one water-bearing formation to In
crease Its yield Each water-bearing umt has Its own
head potential, some potentials being greater than oth
ers When the well IS not being pumped, water moves
from the formations With the greatest potential to forma
tions of lesser potential If the formation With the greater
potential contains contaminated or poorer quality water,
It may degrade the quality of water In another formation

In a process Similar to direct migration, old and Improp
erly abandoned wells With deteriorated casings or seals
may contribute to InteraqUifer exchange Vertical move
ment may be Induced by pumping, or may occur under
natural gradients For example, Figure 1-3 depicts an
Improperly abandoned well With a corroded casing that
formerly tapped only a lower uncontaminated aqUifer
The corroded casing allows water from an overlying
contaminated zone to communicate directly With the
lower aqUifer The pumping of a nearby well tapping the
lower aqUifer creates a downward gradIent between the
two water-bearing zones As pumping continues, con
taminated water migrates through the lower aqUifer to
the pumping well Downward migration of the contami
nant may also occur through the aqultard (confining
layer) that separates the upper and lower aqUifers The
rate of contaminant movement through an aqUitard,
however, IS often much slower than the rate of move
ment through the direct connection of tan abandoned
well
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Abandoned Well
OI$pOS8I Pond (Corroded CasIng)

Figure 1-3 Vertical movement of contammants along an old,
abandoned, or Improperly constructed well (adapted
by Miller, 1980, from Deutsch, 1961)

tlon of dissolved constituents, such as chIondes and
nitrates, that expenence minimal retardation by aqUifer
solids due to hydrodynamiC dIsperSion (Section 1 2 2)
On the other hand, tlme-of-travel estimates tend to over
estimate the rate of migration for contaminants subject
to retardation processes

Figure 1-4a shows the relative concentration of a diS
solved constituent emanating from a constant source of
contamination versus distance along the flow path Fig
ure 1-4b shows a Similar plot for a discontinuous con
taminant source that produced a Single slug of dissolved
contaminant Consldenng advectlve flow only, no dimi
nution of concentration appears as a straIght line moving
at the rate of ground water flow

Several mechanisms Influence the spread of a contami
nant In the flow field DisperSion and denSity/vISCOSity
dIfferences may accelerate contaminant movement,
whIle vanous retardation processes slow the rate of
movement compared to that predicted by Simple advec
tlve transport
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1.2.2 Hydrodynamic Dispersion

Figure 1-4 Movement of a conCentration front by advection
only (a) contmuous source, (b) slug

(b)

HydrodynamiC disperSIon IS the net effect of a vanety of
microscoPIc, macroscopic, and regional condItions that
Influence the spread of a solute concentration front
through an aqUifer (MillS et al , 1985, Schwartz, 1977)
Quantifying disperSion may be Important In fate assess
ment, because contaminants can move more rapidly
through an aqUIfer by thIS process than by Simple plug
flow (I e , Uniform movement of water through an aqUifer
With a vertical front~ In other words, phySical condItions
(such as the presence of more permeable zones where
water can move more qUickly) and chemical processes
(such as the movement by molecular diffUSion of dls-

J ~ 1
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1.2 Contaminant Transport Processes

The extent to which a contaminant moves In ground
water depends on Its behavIor In relation to vanous
processes that encourage transport (Sections 1 2 1
through 1 24) and other processes that SE'rve to retard
movement (Section 1 3) The shape and speed of con
taminant plumes are determined by these processes
and by factors relating to the aquifer matenals and
charactenstlcs of the contaminants (Section 1 4) EPA's
Seminar PublicatIon on Transport and FatE' of Contami
nants In the Subsurface (U S EPA, 1989) and Part II
(Physical and Chemical Processes In the Subsurface)
of EPA's Seminar Publication on Site Charactenzatlon
for Subsurface RemedIation (U S EPA, 1991) provide
more detailed treatment of contamInant transport and
retardation processes

In broad terms, three processes govern ihe extent to
which chemical constituents migrate In ground water (1)
advectIon, movement caused by the flow of ground
water, (2) disperSion, movement caused by the Irregular
mixing of waters dunng advectIon, and (3) retardatIon,
principally chemIcal mechanisms that occur dunng ad
vection

1.2.1 Advection

Ground water In ItS natural state IS constantly In motion,
although In most cases It IS moving very slowly, typically
at a rate of Inches or feet per day Ground water flow, or
advection, IS calculated uSing Darcy's Law (Section
3 1 3) and IS governed by the hydraulic principles diS
cussed In Chapter 2 Tlme-of-travel calculations based
on advectlve flow may underestimate the rate of mlgra-
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solved species at greater velocities than the water) re
sult In more rapid contaminant movement than would be
predicted by ground water equations for physical flow,
which assume average values for permeability

Dispersion on the microscopiC scale IS caused by (1)
external forces acting on the ground water fluid, (2)
variations in pore geometry, (3) molecular diffUSion
along concentration gradients, and (4) variations In fluid
properties such as density and VISCOSity Dispersion at
this scale, also called mechamcal dispersion, IS gener
ally less accurate than estimated advectlve flow, and for
this reason is often Ignored Lehr (1988) warns agaInst
efforts to quantify disperSion at thiS scale

DisperSion on the macroscopic scale IS caused by van
atlons In hydraulic conductivity and POroSity, which cre
ate Irregularities In the seepage velOCity and consequent
additional mIXIng of the solute Over large distances,
regional variations In hydrogeologic umts can affect the
amount of dispersion that occurs Macroscopic disper
sion may result in substantially faster travel times of
contaminants than predicted by equations for mecham
cal dispersion Therefore, It should be the focus of efforts
to charactenze dispersion (Wheatcraft, 1989) Anderson
(1984) reviews vanous approaches to quantifyIng dis
persion.

Dispersion can occur both In the direction of flow and
transverse (perpendicular) to It Figure 1-5a depicts diS
persion caused by microscopiC changes In flow direction
due to pore space onentatlon Macroscopic features,
such as lenses of higher conductiVity, are shown In
Figures 1-5b and 1-5c Solution channeling and fractur
Ing are other macroscopic features that may contnbute
to contaminant disperSion (Figure 1-6) Wells must be
carefully placed when momtonng In complicated geo
logic systems such as those shown In Figures 1-5 (b and
c) and 1-6 Figure 1-7a shows the effect of disperSion
as a plot of relative constituent concentration versus
distance along a flow path In the figure, the front of the
dissolved constituent distribution IS no longer straight,
but Instead appears "smeared n Some of the dissolved
constituent actually moves ahead of what would have
been predicted If only advection were considered Fig
ure 1-7b gives an aenal view of disperSion of a contami
nant plume from a continuous source

In a slmJlar manner, the concentration of a slug ot'ma
terial introduced to a flow field appears as shown In
Figure 1-8a, With the peak concentration declining over
time and distance In such a Situation, the total mass of
dissolved constituent remaInS the same, however, It
occupies a larger volume, effectively reducmg the con
centration found at any distance along the flow path An
aerial view of Intermittent sources affected by disperSion
is shown In Figure 1-8b
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DisperSion dilutes the concentration of a contammant,
thus redUCIng peak concentrations encountered 10 the
ground water system Dilution alone may be suffiCient to
place a contamInated aqUifer outSide the area of regu
latory concern

1.2.3 DensityNiscosity Differences (NAPLs)

ContamInants haVIng a denSity lower than ground water
tend to concentrate In the upper portions of an aqUifer,
while those haVIng a higher denSity concentrate 10 the
lower portions The VISCOSity (tendency to resist Internal
flow) of speCifiC contammants affects their rate of migra
tion from different portions of the aqUifer Contammants
With these properties may be nonaqueous phase liqUids
(NAPLs), or ground water With different sallmtles (fresh
and salt water) Figure 1-9 shows the effects of denSity
on migration of NAPLs In the figure, the denser NAPL
actually flows 10 the opposite direction of ground water
flow, due to the negative slope of the confInIng bed
DenSity variations In ground water In deep boreholes
may result 10 slgmflcant errors 10 estlmatmg flow direc
tions (Oberlander, 1989) DenSity differences are also
Important 10 modeling mteractlons between fresh- and
seawater (Frmd, 1982)

Palmer and Johnson (1989) review the phySical proc
esses controlling the transport of NAPLs 10 the subsur
face, Schwille (1988) and Tyler et al (1987) proVide
more comprehenSive treatments of thiS tOPiC The char
acterization and modeling of multl- and Immlsclble
phase flow (water-NAPLs, water-air, air-volatilized
orgamc compounds) IS the subject of much current re
search

The VISCOSity of water decreases as temperature 10

creases Smegockl (1963) found that VISCOSity differ
ences resultmg from surface water at 66°F Injected mto
ground water at 43°F reduced the speCifiC capacity (gal
lons per mmute per foot of drawdown) of an artifiCial
recharge well 10 the Grand Prairie Region of Arkansas
by 30 percent Kaufman and McKenZie (1975) observed
that the apparent hydraulic conductiVity of an mjectlon
zone 10 the FlOridan aqUifer receIVIng hot orgamc wastes
mcreased about 2 5 times because of temperature dif
ferences alone

1.2.4 Facilitated Transport

FaCIlitated transport, In which the mobility of a contami
nant IS mcreased relative to "expected" retardation by
adsorption to subsurface solids, IS a relatively new area
of study 10 the field of contaminant transport Processes
such as chelation (the formation of complex Ions With
orgamc ligands) have long been known to mcrease the
mobility of metal Ions More recently, attention has been
focused on mcreased mobility of orgamc compounds by
(1) cosolvatlOn (mcreased solubility of hydrophobiC or
gamc contammants when water-miscible orgamc sol-
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FIgure 1·7. Effect of dispersion and retardation on movement
of a concentration front from a continuous source
Ca) relative concentrations compared to advection
only, Cb) development of a contamination plume
from a continuous point source
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vents, such as ethanol, methanol, and acetone, are
present In ground water), and (2) attachment to collOidal
particles that are often mobile In the unsaturated and
saturated zones of the subsurface (Hullng, 1989) Sta
ples and Geiselman (1988) and Woodburn et al (1986)
describe methods for factoring cosolvatlon effects IOto
estimates of retardation on subsurface solids

1.3 Contaminant Retardation Processes
In ground water contaminant transport, a number of
chemical and physical mechanisms retard or slow the
movement of constituents In ground water The three
general mechanisms of retardation are (1) filtration, (2)
partlt1onlng, and (3) transformation or degradation

Figures 1-7a and 1-8c Illustrate the movement of a
concentration front by advection only (A), advection plus
dispersion (A+O), and with the addition of sorption, a
partrtlonlng process (A+O+S) The greatest retardation,
however, results from the combined effects of advection,
dispersion, sorption, and biotransformation (A+O+S+B)
The amount of retardation resulting from sorption and
other partition processes and from biotransformation
depends on physical and chemical properties of the
aquifer and chemical properties of the contaminant

1.3.1 Filtration

Altratlon Is the entrapment of solid particles and large
dIssolved molecules In the pore spaces of the SOil and

(c)

Figure 1·8 Effect of dispersion and retardation on movement
of a dissolved constituent slug (a) relative concen
trations of a one-time slug compared to advection
only as It moves from time period A to B, (b) travel
on a contaminant slug from a point Intermittent
source, (c) Influence of sorption and biodegrada
tion on concentrations downgradlent at a given
point In time

aquifer media Figure 1-10 shows three major mecha
nisms of filtration surface filtration, straining, and
phySical-chemical interactions Surface filtratIon results
when particles are larger than the pore spaces and form
a cake on the surface, at which the pore size becomes
too small Caking may also result from biological actiVity,
as In the clogging mat that develops In septic tank
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Figure 1·9 Effects of density on migration of contaminants (from Miller, 1985)

Figure 1·10 The three filtration mechanisms th.at limIt particle
migratIon through porous media (from McDowell
Boyer et al , 1986)

absorption trenches Strammg happens when the parti
cles are about the same size as the pore spaces In this
process, partIcles move through pores until they be
come lodged at the entrance to a pore tha~ IS too small
Filtration resulting from physIcal-chemIcal mteractlons
With solid surfaces IS discussed under partitioning PIOC
ess In the next section

Filtration limits flow by clogging pore spacE'S and reduc
Ing the hydraulic conductivity of the matenal Most dIs
solved species are retarded by partitioning or
transformation, but If the molecular size of a chemIcal
reaction product exceeds the pore size of the soli or
aqUifer, mechanical filtration occurs Flocculation of col
lOidal matenal resulting from the preCipitation of Iron and

1.3.2 Partitioning

Retardation of dissolved contaminants In an aqUifer can
result from two major processes that change the form,
but not necessanly the tOXICity, of the contaminant (1)
sorption, including both Ion exchange and phySical ad
sorption, and (2) precipitation

Ion exchange Involves the replacement of a cation at
tached to a negatively charged site on a minerai surface
by another cation The mIneralogy and cation exchange

manganese OXides, as well as clogging resulting from
microbial actiVity, may hinder the movement of dissolved
constituents Gas bubble formation may also eventually
clog pore spaces, resulting In a flltenng effect For ex
ample, a 10 percent Increase In the air content of medIa
VOids can cause a 15 percent decrease In effectIve
porOSity, a 35 percent decrease In permeability, and
about a 50 percent reduction In disperSion (Orlob and
Radhaknshna, 1958)

Filtration may also result In reSidual contamination that
IS highly resistant to both mobilization by desorption Into
air and water and microbial degradation For example,
the soli fumigant 1,2-dlbromomethane, whIch IS readily
biodegraded under aerobiC condItions, has been found
In agncultural SOils up to 19 years after ItS last known
application, due to entrapment In SOil mlcropores (Stein
berg et al , 1987)

PHYSICAL-CHEMICALSTRAININGSURFACE (CAKE)

I • • I.

I.
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capacity of an aqUifer gives a general indication of
Its effectiveness in retarding catiOniC contaminants As
long as the IOniC contaminant has a greater affinity for
the solid surface than for eXisting adsorbed Ions, retar
dation will occur Once the exchangeable sites are filled,
the contaminant Will travel unretarded (see A+D+S
curve In Figures 1-7a and 1-8c) Precise predictions of
retardation by Ion exchange are not pOSSible because
of Interactions among multiple Ions Furthermore,
changes in environmental conditions such as pH and Eh
(Section 1 4 2) or ground water solution composItion
may remobillze contaminants formerly bound to geo
logic materials

In fact, the release of Ions by exchange processes may
aggravate a contamination problem Hughes et al
(1971) documented Increases In water hardness as a
result of the displacement of calCIUm and magnesium
ions from geologic matenals by sodium or potassium In
landfill leachate Rovers et al (1976) observed release
ofaluminum to solution from SOil contaminated by indus
trial waste

Most organic contaminants are nOnlomc and, conse
quently, partItioning to aqUifer solids usually occurs by
physical adsorption processes such as Van der Waals
and hydrophobic bonding

The adsorption Isotherm IS a measure of changes In the
amount of a substance adsorbed at different concentra
tions at a constant temperature It IS the Simplest and
most Widely used method for predicting phySical adsorp
tion. Empirical constants can be calculated from adsorp
tion isotherms, and these constants then can be used to
predict the amount of adsorption at concentrations other
than those measured ThiS method assumes, however,
that temperature and other environmental conditions are
the same as those under which the Isotherms were
measured originally

Precipitation reactions, In which geochemical reactions
in the aquifer result In a contaminant moving from a
dissolved form to an Insoluble form, may be an Important
retardation process for inorganic contaminants As With
adsorption, precipitation reactions are reverSible, so It
is poSSible for a contaminant to remobilize If environ
mental conditions change In the aqUifer Preclpltatlon
dissolution reactions are largely determined by
acid-base eqUllibna and redox conditions (Section
1.4 2). Geochemical dlstnbutlon-of-specles and reaction
progress codes (Chapter 6) may help Identify Important
inorganic precipitation reactions

1.3.3 Transformation

All processes that transform a contaminant retard trans
port in that the onglnal contaminant IS no longer present
Unless the contaminant's reaction products are nontoxIC
inorganic elements, however, contamination may stili
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persist Complexation reactions InvolVing heavy metals
may even Increase tOXICity and mobility Some organic
contaminants may be transformed by hydrolySIS In
ground water, but they often produce intermediate or
ganic compounds of varying tOXICity Microbiological ac
tiVity IS probably the most Important means by which
contaminants are transformed In the subsurface

1.4 Contaminant Plume BehaVior

The phYSical mechanisms of advection and disperSion,
as well as a vanety of chemical and microbial reactions,
Interact to Influence the movement of contaminants In
ground water The degree to which these mechanisms
Influence contaminant movement depends on a number
of factors, Including geologiC matenal properties, pH and
Eh, leachate compOSition, and source charactenstlcs

1.4.1 Geologic Material Properties

The rate of ground water movement IS largely depend
ent on the type of geologiC matenal through whIch It IS
movIng More rapid movement can be expected th rough
coarse-textured matenals such as sand or gravel than
through fine-textured matenals such as Silt and clay The
phySIcal and chemical compOSition of the geologiC ma
tenal IS equally Important Fine-textured matenals With
a high clay content favor retardation through Ion ex
change and phySical adsorption FIgure 1-11 Illustrates
the Influence of dlffenng geology on the shape of con
taminant plumes

1.4.2 pH (Hydrogen Ion Activity) and Eh
(Redox Potential)

The pH and Eh of the geologiC matenals and the waste
stream strongly Influence contaminant mobility The pH
affects the speCiation of many dissolved chemical con
stituents, which In turn determines solubility and reactiv
Ity Ion exchange and hydrolySIS reactions are also
particularly senSItive to pH Eh Influences many preCipi
tation and diSSolution reactions, particularly those In
volVIng Iron and manganese, and determines In large
measure the type of bIodegradation that occurs

1.4.3 Leachate Composition

The Influence of all other factors on contaminant migra
tion ultimately depends on the composition of the
leachate or contaminants entenng the ground water
system Similar contaminants may behave differently In
the same environment due to the Influence of other
constituents In a complex leachate Solubility (which
affects the mobIle concentration), denSity, chemical
structure, and many other properties can affect net con
taminant migration For example, Figure 1-12 Illustrates
the appearance of two chemicals, benzene and chlo
nde, In a mOnltonng well Even though both contaml-
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Figure 1-13 Constant release but variable constituent source
(from leGrand, 1965)
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nants may have entered the ground water system at the
same time and In the same concentration, their detec
tion In the mOnitoring well reveals significantly different
migration rates Chlonde has migrated essentially unaf
fected, while benzene has been retarded significantly
Table 1-2 Identifies references with addl110nal informa
tion on contaminant chemical behavior In sOil and
ground water

Figure 1-11 Effect of differences in geology on shapes of con
tammant plumes (from Miller, 1985)

Sources releasing a variety of contaminants create com
plex plumes composed of different constituents at down
gradient positions An Idealized plume configuration
composed of five different contaminants (A-E) moving
at different rates through the ground water system IS
shown In Figure 1-13 Consequently, the onset of con
tamination at a supply well may mark the first of a set of
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overlapping plumes of different compounds advancmg
at different rates These plumes may affect the well m
sequence for decades, even If the ongmal contammant
source Is removed (Mackay et al , 1985)

The effect of contaminant density on contammant trans
port In ground water systems IS presented 10 Figure 1-9
Substances With densities lower than water may "t/oaf'
on the surface of the saturated zone Similarly, sub
stances with densities higher than that of water can smk
through the saturated zone untIl they encounter an Im
permeable layer In the situation shown 10 Figure 1-9,
the surface of an underlying Impermeable layer slopes
opposite to the directIon of ground water flow 10 the
overlying formation Dense contammant movement fol
lows the slope of the Impermeable boundary, whIle
some dissolved product moves with the ground water

1.4.4 Source Characteristics

Source charactenstlcs Include the source mechamsm
(i.e., InfiltratIon, direct migration, InteraqUifer exchange,
ground water/surface water mteractlon), the type of
source (partIcularly point or nonpomt ongmatlon), and
temporal features Source mechanisms were discussed
In Section 1.1. Source types are covered 10 more detail
In Chapter 7. Temporal charactenstics Include the man
ner In which a contaminant is released over time and the
time elapsed since the contammanfs release

Figure 1·14 presents the effects caused by changes 10
the rate of waste discharge on plume size and shape

Plume enlargement results from an mcrease In the rate
of waste discharge to the ground water system Similar
effects can be produced If the retardation capacity of the
geologiC matenals IS exceeded, or If the water table nses
closer to the source, causing an Increase In dissolved
constituent concentration Decreases In waste diS
charge, lowenng of the water table, retardation through
sorption, and reductions In ground water flow rate can
dImInish the sIze of the plume Stable plume configura
tions suggest that the rate of waste discharge IS at a
steady state With respect to retardation and transforma
tion processes Aplume will shrmkm size when contami
nants are no longer released to the ground water system
and a mechamsm to reduce contammant concentrations
IS present Unfortunately, many contammants, particu
larly complex chlonnated hydrocarbons and heavy met
als, may persist In ground waler for extremely long time
penods Without appreciable transformation Lastly, an
mtermlttent or seasonal source can produce a sefles of
plumes that are separated by the advection of ground
water dunng penods of no contaminant discharge

1.4.5 Interactions of Various Factors on
Contaminant Plumes

The vanous factors discussed above can result In Widely
varymg sizes and shapes of contammant plumes Figure
1-15 shows 18 different types of contammated zones
Table 1-1 explams the relative Importance of dIlution,
degradation, and sorption 10 each plume and lists exam
ples of the types of contaminants typically Involved
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Reducang
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1 ReductIon In wastes
2 Effects of changes In

watertabf.
3 More effectIVe

sorption
4 More effectIVe

dIlutIon
5. Slower movement

and more time for
decay

Nearly Stable
Plume

Essentially same
waste Input

2 Sorption capacity
not fully utilized

3 Dilution effect fairly
stable

4 Slight water-table
fluctuation or effects
of water-table
fluctuation not
important

Shrunken
Plume

Waite no longer
dISposed and no
longer leached at
abandoned waste
site

Series of
Plumes

Intermittent or
seasonal source

FIgure 1·14. Changes In plumes, and factors causing the changes (modified from US EPA, 1977, and LeGrand, 1965)
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Figure 1·15 Various types of contaminated plumes in the upper part of the zone of saturation, X marks the core of contamination
beneath a waste site, and Z marks the point downstream at which some zones terminate See Table 1-1 for Interpre
tations (from LeGrand, 1965)

Table 1-1 Explanation of Contaminant Plumes Shown In Figure 1-15 (adapted from leGrand, 1965)

liqUid
Waste
Recharge

Contaminant Plume Governed by Forming Composite Examples of
Water-Table Waste Type of

Site Dilution Decay Sorption Mound Sites Contaminant Remarks

A Not appreciable No No No No Chlorides,
In ground, nitrates
some In stream

8 Not appreciable Either decay or sorptton No No
or both

C Improbable Perhaps Perhaps No No Sewage, Probably small waste release or
radioactive good attenuatton in zone of
wastes aeratton

D No plume Either decay or sorption No No Sewage, Contaminant Is completely
formed (see or both radloactlve attenuated In zone of aeratton
remarks) wastes and does not reach zone of

saturation

E Slight near POSSibly Posslbl~' No No Lack of disperSion near waste
waste stte, site typIcal of linear opemngs In
some at greater rock, contaminated water
distance downgradlent disperses Into

different type of matenal

F Yes, suggesttve Improbable Improbable No No Chlondes,
of nearly nitrates
homogeneous
porous matenals

G Not appreciable Not Not No No Chlorides, Irregulantles In permeability
In ground, appreciable appreCiable mtrates cause deViation In plume
some near and
In stream
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Table 1-1 explanation of Contaminant Plumes Shown In Figure 1-15 (adapted from LeGrand, 1965) (Continued)

LIquid
Waste
Recharge

Contaminant Plume Governed by Forming Composite Examples of
Water-Table Waste Type of

Site Dilution Decay Sorption Mound Sites Contaminant Remarks

H Yes, suggestive Probably either decay or No No Sewage,
of nearly sorption or both radioactIVe
homogeneous wastes
porous material

Yes Perhaps Perhaps No No Downgradlent split In plume
may be due to dense
Impermeable rock or great
Increase In sorptlve materials

J Slight Not Probably No No Chlorides, Downgradlent plume Is due to
appreciable not nitrates shunting of contaminant to land

apprpclable surface at tall of upper plume
and relnflltratlon of contaminant

K Yes, suggestive Either decay or sorption Yes, No Sewage, Irregularles in plume caused by
of nearly or both forming a radioactive changes in permeability and/or
homogeneous water-table wastes sorption
porous materials mound

L Yes, suggestive Either decay or sorption Yes, No Sewage,
of nearly or both forming a radioactive
homogeneous water-table wastes
materials mound

M Some In ground Not Not Yes, ChlOrides, DeViation In plume due to
and stream appreciable appreciable forming a nitrates Impermeable zone

water-table
mound

N Yes Either decay or sorption Yes, No Sewage, Contaminated water from three
or both forming a radioactive waste sites at right angles to

water-tabie wastes ground water flow, merging to
mound form a composite plume

0 Yes Either decay or sorption No Yes Sewage, Contaminated water from two
or both radioactive waste sites parallel to ground

wastes water flow, forming a
compostlve plume

p Some Either decay or sorption No Yes Sewage, Contaminated water from two
or both radioactive waste sites at an angle With

wastes ground water flow, forming a
composite plume

a Some Either decay or sorption No Yes Sewage, Large composite plume formed
or both radioactIVe by several waste sites

wastes

R Yes Either decay or sorption No No Sewage, Pumping well draws plume
or both radioactive toward It, contaminated water IS

wastes greatly diluted at well

1.5 Guide to Major References on
Contaminant Chemical
Characteristics and Behavior In the
Subsurface

As discussed In Chapter 8 (Section 8 1), the number of
potential ground water contamInants IS far too large to
prOVide any detailed dISCUSSIon of the chemical charac
teristics of speCIfic contamInants Table 1-2 prOVides an
Index to major references containing more detailed In
formation about speCIfic chemical processes and chemi
ca/ characteristics and behaVIor of contamInants In the

12

subsurface Generally, only texts, edited volumes, and
conference proceedIngs are Indexed In Table 1-2, but
some Important revIew papers published In SCientifiC
Journals are also Included The references Include (1)
general chemical references, (2) compIlations of degra
dation and other chemIcal constants for collections of
chemicals, (3) references on ground water and vadose
zone/soli Chemistry, (4) references on trace elements
and heavy metals, (5) references on tOXIC and other
organic chemicals, and (6) references on microbial ecol
ogy and biodegradation



Table 1·2 Index to Major References on Contaminant Chemical Characteristics and Behavior in the Subsurface

Topic References

General Chemical
References

Chemical Fate Data

Natural Baseline
ChemIstry

ChemlcaVContamsnant
Hydrogeology

Vadose Zone/Soil
Chemistry

Contamsnant Sources

Trace Elements/Heavy
Metals

TOXIc and Other Organic
Chemicals

Biodegradation!
Contaminant
Microbiology

ACS (annual), Budavan (1989), Dean (1992), Howard and Neal (1992), LeWIs (1992a), Llde (1993), Perry
and Chlltln (1973), Verschaueren (1983), Hazardous ChemIcals ACGIH (1992), Armour (1991), Government
Institutes (annual), Kerth (1993), LeWIs (1990, 1991, 1992b, 1993), NIOSH (1990), OCcupational Safety
Health Services (1990), Patnalk (1992), Shafer~(1993), Shlneldecker (1992), US Coast Guard (1985), US
DOT (1990), US EPA (1985, 1992a), Agrochemlcals Fisher (1991), James and Kidd (1992), Kldd and
James (1991), Montgomery (1993), Walker and Keith (1992)

Callahan et al (1979), Ghennl et al (1988, 1989), Howard (1989, 1990a, 1990b, 1992, 1993), Howard et aI
(1991), Kolhg et aI (1991), Lyman et aI (1990, 1992), Mabey et al (1982), Montgomery (1991),
Montgomery and Welkom (1989), Ney (1990), RaJ and Zachara (1984), US EPA (1990), SorptIon/PartItIon
CoeffIcIents Elhngton et al (1991), Leo et al (1971), Sabll (1988), Henry's Law Constants Yaws et al
(1991), HydrolysIS Rate Constants Ellington et al (1991)

See Table 7-4

Jexts Devlnny et al (1990), Domenclo and Schwartz (1991), Fetter (1992), Matthess (1982), Mazor (1990),
Palmer (1992), Tinsley (1979), Papers Back and Baedecker (1989), Back and Freeze (1983), Mackay et aI
(1985), Subsurface Transport Processes Gelhar et al (1985), Guarmaccla et al (1992-multlphase), Guven
et al (1992a, 1992b), Knox et al (1993), Luckner and Schestakow (1991), US EPA (1992b)

Environmental SCIence and Englneenng (1985), Yaron et al (1984), Inorgamc ChemIcals Bar-Yosef et al
(1989), ToxIc Orgamc ChemIcals Dragun (1988), Gerst! et al (1989), Gonng and Hamaker (1972),
TNO/BMFT (1985, 1989)

See Table 8-6

Bowen (1966), Hem (1964), National Research CounCil Canada (1976, 1978a, 1978b, 1979a, 1979b, 1981,
1982), Purves (1978), Thibodeaux (1979), Thornton (1983), Shaw (1989), SOIl Alloway (1991), Aubert and
Pinta (1978), Copenhaver and Wilksnson (1979a), Dotson (1991), Fuller (1977), Glbb and Cartwright (1987),
Jacob (1989-selenlum), Kabata-Pendlas and Pendlas (1984), Kotaby-Amacher and Gambrell (1988), lIsk
(1972), McBnde (1989), Page (1974), Ral and Zachara (1988), Zachara et al (1992), Ground-Water Allen
et al (1990, 1993), Forstner and Wittman (1979), Kramer and DUinker (1984), Moore and Ramarnoorthy
(1984a), Ral and zachara (1986), Singer (1973)

Lyman et al (1992), NAS (1972), Thibodeaux (1979), SOlI Mellde (1972), Mornl et al (1982), Nelson et al
(1983), Overcash (1981), Sawhney and Brown (1989), Ground Water Borchardt et al (1977), Faust and
Hunter (1971), Gerst! et al (1989), Moore and Ramamoorthy (1984b), Halogenated AlIphatIC Hydrocarbons
Bntton (1984), Moore and Ramamoorthy (1984b), Monocycllc AromatIc Hydrocarbons and HalIdes
Chapman (1972), GIbson and Subramlan (1984), Moore and Ramamoorthy (1984b), Relnlke (1984), Phalate
esters RIbbons (1984), Pierce et al (1980), Polycyclic AromatIc Hydrocarbons Moore and Ramamoorthy
(1984b), Safe (1984), PestIcIdes Cheng (1990), Copenhaver and Wilksnson (1979b), Crosby (1973), Guenzl
(1974), Hamaker (1972), Hamker and Thompson (1972), Haque and Freek (1975), Kearney and Kaufman
(1972), Moore and I~amamoorthy (1984b), NAS (1972), Ou et al (1980), Rao and DaVidson (1980),
Somasundarum and Coats (1991), explosives EnVIronmental SCience and Englneenng (1985)

Borchardt et aI (1977), Gibson (1984), Kobayashi and Rittman (1982), Mitchell (1971), Rogers (1986), Scow
(1982), Zehnder (1988), SOIl Huang and Schnitzer (1986), Nelson et al (1983), Ramsey et al (1972),
Ground Water Bitton and Gerba (1984), Bouwer and McCarty (1984), Ghlorse and Wilson (1988), Makl et
al (1980), Tabak et al (1981), Wilson and McNabb (1983)
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Chapter 2
Potentiometric Maps

2.1 Fundamental Hydrogeologic
Concepts

2.1.1 Hydraulic Head and Gradients

The water level In a well, usually expres§ed as feet
above sea level, IS the total head (ht), which consists of
elevation head (z) and pressure head (hp)

A water table or potentiometric map IS one of the most
basIc and useful tools available for delineation of well
head protection areas (WHPAs) ThiS chapter covers
basIc concepts reqUired for compilation and interpreta
tion of ground water maps, and provides examples of
common errors that result when these concepts or the
charactenstlcs of the site are not understood Chapter 5
discusses the actual process of hydrogeologic mapping
for wellhead protection

In an unconfined aqUifer, pressure head (hp) equals
zero at the water table surface because It marks the
transItion from negative pressure head In the vadose
zone to a pressure head that may be either negative or
positive In the saturated zone Senous inaccuraCies In
defining ground water flow paths may result from meas
unng water levels In mOnltonng wells without consider
Ing the pressure potential component

In a ground water recharge zone, the pressure head
decreases With increasing depth (I e, hp In equation 2-1
IS negative), In a dIscharge zone, the pressure head
mcreases With depth ThiS IS Illustrated In F-Igure 2-1 In
the figure, the water level In well b IS lower than the water
table surface ThiS IS because the well IS, cased to a
depth where It IS actually measunng the pressure poten
tial of the water table at well c Conversely, wells d and
e In the discharge area are measuring the pressure
potential of the water table upslope from the actual
discharge area Wells d and e will flow like artesian wells
even though there IS no confining layer

Typically, wells are not Installed at different depths In the
same location to allow determination of whether the alea
IS In a recharge or discharge zone Topography IS a

2.1.2 Unconfined and ConfinedAquifers

AqUifers are broadly claSSified as unconfmed, where the
top of the saturated zone IS at atmosphenc pressure,
and confmed, where a slOWly permeable geologiC layer
prevents upward flow when the hydraulic head IS above
the level of the confining layer, causing pressure head
at the top of the aqUifer to exceed atmosphenc pressure
Confining layers are also called aqUitards Confined
aqUifers are claSSified as either semlconfmed (leaky) or
hIghly confmed, depending on how permeable the con
fining layer IS AqUifer claSSification IS espeCially Impor
tant In selecting methods for interpreting pump test data
and serves as an indicator of the vulnerability to ground
water contamination

Simple Indicator, With discharge In topographically low
areas and recharge In topographically high areas Plot
ting of depth-to-water table versus well depth for a num
ber of wells In an area can also serve as an Indicator of
whether ground water IS rechargmg or discharging Fig
ure 2-2 defines the areas of such a plot where the scatter
of POints would be expected to fall In recharge areas and
discharge areas

The hydraUlic gradient (lor I) IS measured as the change
In water level per Unit of distance along the direction of
maximum head decrease It IS determined by measunng
the water level In several wells that measure the true
unconfined water table or the same confined aqUifer
The hydraUlic gradient IS the driVing force that causes
ground water to move In the directIOn of decreaSing total
head, and IS generally expressed In consistent Units
such as feet per foot For example, If the difference In
water level In two wells 1,000 feet apart IS 8 feet, the
gradient IS 8/1,000 or 0 008 The direction of ground
water movement and the hydraulic gradient can be de
termined With information from three wells (SectIOn
221)

In humid and semland regions, In particular, the water
table In an unconfined aqUifer generally conforms to the
surface topography, although It usually has greater
depth under hills than under valleys (Figure 2-1) The
hydraulic gradient (Section 2 1 1) slopes away from di
Vides and topographically high areas toward adjacent

(2-1)ht =z + hp
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Ftgure 2-1. Cross·sectlonal dIagram showIng the water level as measured by piezometers located at various depths The water
level In pIezometer c Is the same as well b since It lies along the same equipotential line (from Mills et ai, 1985).

low areas, such as streams and rivers The high areas
serve as ground water recharge areas, while the low
areas are ground water discharge zones In general, the
water table lies at depths rangmg from 0 to about 20 feet
In humid and semiarid regions, but often lies hundreds
to thousands of feet deep m some desert environments
Generally, surface streams and waterbodles such as
swamps, ponds, lakes, and flooded excavations (aban
doned gravel Pits, highway borrow Pits, etc) can be
considered surface expressions of the water table

Unconfined water tables may be either perched or re
g/onal Perched water tables rest on Impermeable
strata, below which unsaturated flow occurs (see Figure
2-3, upper right comer) In regional aqUifers, all water
moves by saturated flow until It reaches a POint of sur
face discharge (Figure 2-3, AqUifer C) AqUifers A and B
in Agure 2-3 exhibit characteristics of both perched and
regional water tables Most of their water IS part of the
regional water, although It may travel part-way by un-

saturated flow before reaching AqUifer C Some water,
however, reaches the surface as springs, a common
Situation with perched aqUifers

2.1.3 Heterogeneity andAnisotropy

AqUifers In which the hydraulic conductivity or other
properties are nearly umform are called homogeneous,
those m which properties are variable are heterogene
ous or nonhomogeneous If hydraulic conductivity at a
given pomt In an aqUifer differs m the vertical or hOrizon
tal directions, It IS amsotroplc If hydraulic conductivity IS
umform In all directions, which IS rare, the aqUifer IS

IsotropIc Figure 2-4a Illustrates four pOSSible combina
tions of these characteristics The distinctions between
these terms may not seem obVIOUS at first, but a careful
examination of thiS figure should prOVide a clearer un
derstanding
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Figure 2-4b Illustrates three different types of aquifer
heterogeneity Because both unconsolIdated and con
solIdated sedimentary strata are typically deposited In

honzontal Units (example 8 In the figure), hydraulic con
ductivity IS generally greater honzontally than vertically
by at least an order of magnitude The third example (C
In the figure) IS most likely to occur as a result of faulting
or other tectonic activity Failure to consider heteroge
neity and anisotropy can lead to significant underestima
tion of time of travel of contaminants and Incorrect
delineation of the direction of ground water flow

Aquifer heterogeneity IS usually characterized by Identi
fying vertical and lateral changes In the texture and other
phySical charactenstlcs of sOil, other unconsolidated
matenal, and rock from borehole logs (Section 5 4 2)
Anisotropy IS usually charactenzed by aquifer tests
(Section 3 3 5)

2.1.4 Porous Media Versus Fracture/Conduit
Flow

Ground water flows In the Interconnected pore spaces
between solid particles In an aquifer Most ground water
flow equations assume that the water IS flOWing through
matenal where the pore sizes are small enough that
water flows without turbulence ThiS IS generally true In

aqUifers where pnmaryporosity has not been altered by
geologic or sOil-forming processes that create secon
dary openings, often called secondary porosity Secon
dary openings are classified as fractures, which develop
as a result of deformation and stress release by geologic
processes, and as solution openings, which are formed
from the enlargement of fractures by dissolution of sol
uble minerals such as carbonate In limestone (Figure
2-5)

10050
Well depth

+ 50 ......-'------""----------'''''---
a

-100

Q)

> -50Q)

...
Q) Recharge area
-0
3 --!: --- .-0 --iii Transition zone

a /"~~~~
.s::. DIscharge area
a. 0
Q)

Cl

Figure 2·2 Generalized plot of well depth ver'Sus depth to
statiC water level (from Freeze and Cherry, 1979)

Figure 2-3 Confined, unconfined, and perched water in a simple stratigraphic section of sandstone and shale (from Davis and
DeWiest, 1966)
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FIgure 2-4 Heterogeneity and anisotropy (a) four possible combinations (from Freeze and Cherry, 1979), (b) three types of aquifer
heterogenelty-{A) varying thickness, (B) layers wIth differing hydraulic conductivity, and (e) lateral changes in hydraulic
conductivity (from Fetter, 1980)
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PRI MARY OPENING~
(Section 3 1 3) IS not valid The Irregular shape of solu
tion channels In these aqUifers makes the use of con
ventional methods for analyzing pump test data and
modeling ground water flow essentially useless Figure
2-6 Illustrates the Wide fluctuation In ground water levels
that can occur In a karst aqUifer Table B-2 In AppendiX
B Identifies major references where more informa
tion can be obtained about karst geomorphology and
hydrology

SECONDARY OPENING~

Figure 2-5 Examples of primary and secondary porOSity (from
Heath, 1983)

2.1.5 Ground Water Fluctuations

Ground water levels fluctuate throughout the year In
response to natural changes In recharge and discharge
(or storage), changes In pressure, and artifiCial stresses
Fluctuations brought about by changes In pressure are
limited to confined aqUifers Most of these changes are
short-term and are caused by loading, such as by a
passing train compressing the aqUifer, or by an Increase
In discharge from an overlYing stream Others are re
lated to changes In barometnc pressure, tides, and
earthquakes Languth and Treskatls (1989) desCribe an
unusual Situation where a pumping test In a semlcon
fined aqUifer system temporarily Increased water levels
In observation wells tapping the overlying confining bed
Instead of resulting In the usual Immediate lowenng
None of these fluctuations reflect a change In the vol
ume of water In storage Table 2-1 summarizes 13
mechamsms that lead to fluctuations In ground water
levels

Water level fluctuations In confined aqUifers can be
charactenzed by the barometflc effiCiency, the ratio of
change In head to change In atmosphenc pressure ThiS
ratio usually falls In the range of 0 20 to 0 75 (Freeze
and Cherry, 1979) The POSSibility of uSing barometric
effiCiency to estimate the storage properties of confined
aqUifers was first suggested by Jacob (1940) Use of
barometnc effiCiency to estimate a range of aqUifer prop
erties, including storage coeffiCient, transmiSSIVity, and
bulk elastiC properties, has been reported In a number
of relatively recent papers (see Table 2-2)

Fluctuations that Involve changes In storage are gener
ally more long lIVed Most ground water recharge takes
place dUring the spring and causes the water level to
nse FollOWing thiS penod of a month or two, the water
level declines In response to natural discharge, largely
to streams Although the major penod of recharge oc
curs In the spnng, minor events can happen any time It
rains A number of human actiVities cause long-term
fluctuations In ground water levels Ground water pum
page reduces ground water levels, actiVities such as
agncultural Irrigation, artifiCial recharge, leakages from
ponds, lagoons and landfills tend to cause localized
Increases In ground water levels Deep well injection
Into confined aqUifers causes elevation In the poten
tlometnc surface

CAVERNS IN
LIMESTONE

POORLY- SI)RTED SAND

FRACTURES IN
GRANITE

WELL- SORTED SAND

Flow In fractures IS most slgmflcant In clystalline rocks
(gramtes, vanous metamorphic rocks) because pnmary
porosity of these rocks IS very low Many consolidated
sedimentary aqUifers are fractured to varying degrees
Aquifers where fracture flow IS slgmflc,mt tend to be
amsotroplc Ground water flow directions In these aqUi
fers may depart slgmflcantly from the directions indi
cated by potentiometric surface maps AnalysIs of pump
test data In fractured rocks requires specIal care be
cause most analytical solutions assume porous-media
flow Fractures are typically narrow enough to prevent
turbulent flow, however, making adaptation of glound
water flow equations pOSSible Fracture flow IS a major
contnbutor to macro-scale hydrodynamic dispersion,
causing contaminants to move much more qUickly In an
aquIfer than would be predicted by flow calculations
based on primary porosity

Flow In cavernous limestones and dolomites IS called
condUit flow The subsurface channels can be large and
continuous enough that the system IS more like a senes
of Interconnected pipes than a porous material As with
crystalline rocks, pnmary porosity of IIme'stones tends to
be very low, so that most ground water flow IS concen
trated In fractures and solution channels AqUifers where
conduit flow dominates are called karst aqUifers Unlike
fracture-rock aqUifers, however, grounol water flow In
karst aqUifers IS often rapid enough thcit Darcy's Law
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Rguro 2-6. Diagram of karst aquifer showing seasonal artesian conditions (from Walker, 1956)

EvapotranSpiration effects on a surficial or shallow aqUi
fer are both seasonal and dally Plants, serving as min
ute pumps, remove water from the capillary fringe or
even from beneath the water table dUring hours of day
light In the growing season ThiS results In a diurnal
fluctuation In the water table and stream flow

Table 2-3 summarizes typical natural conditions affect
ing ground water fluctuations In response to (1) freeZing,
(2) moisture regime, (3) surface drainage and degree of
slope, and (4) thickness of the zone of aeration All these
factors need to be conSidered In compiling data on water
levels In wells when preparing potentiometric surface
maps Table 2-2 prOVides an Index to references that
provide more detailed Information on mechamsms that
cause water lavel fluctuations
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2.1.6 Ground Water Divides and Other
Aquifer Boundaries

In surface hydrology, a drainage diVide forms the bound
ary between two watersheds Ground water drainage
baSinS are Similar to surface watersheds, except that
they are defined by contour of equal hydrauhc head
(eqUipotential hnes) rather than topographic contours In
unconfined, homogenous, ISOtroPiC aqUifers, these con
tours generally follow the surface topography, albeit With
a more subdued gradient (see Figure 2-1) However,
topography IS only one of many factors that Influence the
location of ground water diVides and the flow of water
Within a baSin Defining a well's zone of contrtbutlon
(Section 4 14) IS a major focus of the wellhead protec
tion process Consequently, an understanding of the
boundary condItIOns In an aqUifer IS essential, both In



x x

x

x

x

x

Long- Climatic
Dlumal Seasonal term Influence

x x

x

x x

x x

x

x x

Ground water recharge x x

AIr entrapment dUring x x x
recharge

Evapotranspiration x x

Stream bank storage effects x x

lidal effects near ocean x x x

Atmospheric pressure effects x x x

Confined aquIfer external x x x
loadmg

Earthquakes x x x

Ground water pumpage x x x
Deep-well injection x x
ArtIfiCIal rechargelleakage x x
Agriculture Irngatlonldramage x x
Geotechmcal dramage x x
Source Adapted from Freeze and Cherry (1979)

Table 2-1 Summary of Mechamsms That Lead to Fluctuations in Ground Water Levels

Man- Short-
Unconfmed Confmed Natural Induced lived

Table 2-2 Index to References on Water Level Data Interpretation and Flow Net AnalySIS

Topic References

Potentlometnc Maps

Water Level Fluctuations

Data InterpretatIon

Confined AqUifer Barometric
EffICIency

Andreason and Brookhart (1963-reverse fluctuatIons), Freeze and Cherry (1979), Kohout
(196~ffects of salt water), Languth and Treskatls (1989), Moench (1971), Rockaway (1970), Sayko
et al (1990), Walton (1963), Welss-Jennemann (1991-offslte effects), Winograd (1970), Barometnc
Effects Peck (1960), Todd (1980), Turk (1975), Weeks (1979)

Blanchard and BradbUry (1987), Chapus (1988), Crouch (1986), DaVIS and DeWiest (1966), Fetter
(1981), Henmng (1990), Hoeksma et al (1989), Rockaway (1970), Sames (1981), Stallman (1956),
Struckmeler et al (1986)

Determmatton Clark (1967), Davis and Rasmussen (1993), Aquder TransmlssNlty/Storage CoeffiCient
Evans et al (1991), Furbish (1991), Jacob (1940), Rltzl et al (1991), ROjstaczer (1988), AqUifer Bulk
Elasttc Properties Domemco (1983), Evans et al (1991), ROjstaczer and Agnew (1989)

Flow Net AnalySIS

General

Case StudIes

Nelson (1960, 1961), Scott (1992)

Hollet (1985), Hunt and Wilson (1974), Rice and Gorelick (1985)

hydrogeologIC mapping (Chapter 5) and the use of mod
els (Chapter 6) for delineating WHPAs

As noted above, a ground water diVide IS one of the most
Important boundanes for delineating a well's zone of
contnbutlon Figure 2-3 Illustrates several ground water
diVides Infiltrating water entenng the aqUifer flows to a
discharge POint determined by where the water enters
the aqUifer (which Side of the diVide) l\Iote that the
topographiC diVide for AqUifer A does not qUite COinCIde
With the ground water diVide due to the dlp of the sedi
ments

Figure 2-7 Illustrates more than 40 boundary conditions
that may define the edges of a ground water drainage

area These boundary conditions are claSSified as (1)
bamer boundanes, created by geologiC or other maten
als of contrasting (lower) permeability compared to the
aqUifer, (2) permeable recharge boundanes, and (3)
permeable dIscharge boundanes Figure 2-7 further
claSSifies boundary conditions according to whether
they represent head condItIons or flow condItions It also
shows the number of dimenSions reqUired to represent
the condition (1) POints (one-dimensional), (2) hnes
(two-dimensional), and (3) areas (three-dimenSional)
These distinctions become Important when analytical
and numencal ground water models are selected and
used (Chapter 6)
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Table 2-3 Factors and Natural Conditions Affecting Natural Ground Water Fluctuations

FactorlZone

Solf Fre9ZJng

1 Pormafrost areas

2. Uniform freezing In the soil zone at
the land surface

3 Sporadic freezing of the zone of
aeration

4 Complete absence of soli freezing

Soli Moisture RegIme

1. RegIon of high moisture

2 Roglon of moderate moisture

3. Region of small moisture

Surface DraInage and Degree of Slope

1 WeN developed drainage (generally
mountainous topography)

2 Moderately developed drainage
(generally uplands)

3 Poorly developed drainage
(generally plains and valley
bottoms)

Thlckness ofZone ofAeratlon (d)

1. dis less than 05 m

2. d Is between 0 5 and 4 m thick.

3 d Is greater than 4 m

Source Adapted from Brown et al (1983)

Ground Water ConditIons and General Characteristics of Water Level Fluctuations

Two summer water level nses

Marked water level rise In the spnng, followed by water level recession until autumn A
second smaller water level rise In autumn, followed by gradual declme until spnng

Water level nses mainly In the winter

Water level rises dunng rainy season

The amount of precipitation IS higher than evapotranspiration Water levels affected rapidly by
small rains and small temperature vanatlons Small amplitude of water fluctuations

As water table IS at greater depth than In zone 1, amplitudes of water level fluctuations are
more distinct and greater than In zones 1 and 3

Evapotranspiration IS a dominant factor in water level fluctuations

High runoff and low Infiltration to ground water Water level fluctuation amplitUde may be high

Moderate runoff and Infiltration to ground water Water level fluctuation amplitudes are lower
than In zone 1 but higher than In zone 3

Low runoff and high infiltration to groundwater Water table at shallow depth High
evapotranspiration

Water level fluctuations of small amplitude Evapotranspiration from the water table prevails
over sprlng discharge

Water level fluctuations of larger amplitude than m zone 1 Sprmg discharge prevails over
evapotranspiration

Water level fluctuations of small amplitude and evapotranspiration might be of limited
Importance

2.1.7 Gaining and Losing Streams

From a hydrogeologic POint of View, there are three
major stream types-ephemeral, intermittent, and per
ennial. Stream type IS determined by the relation be
tween the water table and the stream channel
Consequently, observation of the character of water flow
in a stream provides useful Information about ground
water in the area

An ephemeral stream owes Its entire flow to surface
runoff. It may have no well-defmed channel and the
water table consistently remains below the bottom of the
channel (Figure 2-8, A-~) Water leaks through the
channel Into the ground, rechargmg the underlying
strata

Intemllttent streams flow only part of the year, generally
from spnng to mIdsummer, as well as dunng wet pen
ods Dunng dry weather, these streams flow only be
cause ground water discharges mto them when the
water table nses above the base of the channel (Figure
2-8, 8-8'). Eventually, suffiCient ground water diS-
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charges throughout the basm to lower the water table
below the channel, which then becomes dry ThiS re
flects a decrease 10 the quantity of ground water 10

storage Dunng late summer or fall, a wet penod may
temporanly raise the water table enough for ground
water to discharge mto the stream Thus, dunng part of
the year the floodplam matenals are full to overflowmg,
causmg the discharge to mcrease 10 a downstream
direction At other times, water Will leak Into the ground,
reducmg the discharge

Perenmal streams flow year-round Typically, the water
table IS always above the stream bottom Hence, ground
water IS discharged to the surface and streamflow 10

creases downstream (Figure 2-8, C-C') A stream 10

which the discharge mcreases downstream IS called a
gammg stream A stream In which the discharge de
creases downstream due to leakage IS called a losmg
stream In a lOSing stream, the water table IS below the
bottom of the stream, but the amount discharged from
the stream to the subsurface IS not enough to ellmmate
surface flow dunng dry penods Durmg wet penods,
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Aguro 2·8 RelationshIp between water table and stream type (from U S EPA, 1990)

surface flow In perenmal streams comes from a mIxture
of surface runoff and ground water Inflow During dry
periods, the flow of perennral streams comes pnmanly
from ground water discharge and IS called the base flow

2.2 Preparing and Using Potentiometric
Maps

2.2.1 Plotting Equipotential Contours

The hydraulic gradient can be graphically shown by
plotting either unconfined water table levels or pressure
potentials (If the pressure head of a confined aqUifer IS
high enough to raise the total head above the ground
surface) on a map A water table map usually refers to
the hydraulic gradient of an unconfined aqUifer, and a
p/ezometrlc (pressure) surface map usually refers to the
pressure potentials of confined aqUifers Either type of
map Is called a potentrometflc map In practIce, the
terms "water table," "potentiometriC," and "piezometric"
are often used interchangeably Struckmeler et al
(1988) prOVide a good review of other types of hydro
geologIcal maps and graphical representation of ground
water systems.

The contours on a potentIometric map are called eqUIpo
tent/a/lines, indicating that the water has the "potential"
to rise to that elevation In the case of a confIned aquI
fer, however, It cannot reach that elevation unless the
confining umt is perforated by a well Potentlometnc
sUrface maps are essentIal to any ground water inves
tigation, because they mdlcate the direction In which
ground water IS moving, and prOVide an estimate of the

gradient, which controls ground water velOCity As diS
cussed In Section 2 3 2, interpretations of flow directions
In aqUifers must take Into account anrsotropy and
heterogeneity

Potentlometnc maps prOVIde some information on aquI
fer homogeneity, prOVided that well data points are close
enough to allow reasonably accurate contounng A map
of a unrform, homogeneous aqUifer Will have equally
spaced eqUipotential lines and no dramatic changes In
hydraulic gradient, because ground water IS moving at
about the same speed at all POints In the aqUifer Irregu
larly spaced contours and dlffenng hydraulic gradients
In different areas of the aqUifer indicate lateral changes
In aqUifer propertIes

Prepanng a potentlometnc map involves plotting water
level measurements on a base map and then draWing
contours In Isotropic, porous-medIa aqUifers, the direc
tion of ground water flow IS perpendicular to the ground
water contour lines The next section on flow nets de
scribes In more detail how contour maps can be used to
Infer the direction of ground water flow A mlnrmum of
three POints IS required to determine the general direc
tion of ground water flow Figure 2-9 shows a manual
graphical depiction of ground water contours, drawn
based on water elevatIons In three wells The difference
In elevation between each well was calculated and di
Vided Into the distance between the wells ThiS distance
was scaled on each line as tick marks that represent a
change In elevation of one-tenth of a foot The lines
connecting the POints of equal elevation (27 0 and 27 5
feet In Figure 2-9) are potentlometnc contours Ground
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FIgure 2·9 The generalized direction of ground water move
ment can be determined by means of fhe water level
in three wells of similar depth (from Heath and
Trainer, 1981)

water flow direction IS on the path line perpendicular to
the contours

Figure 2-10 Illustrates a slightly different .approach to
determining the direction of ground water flow from three
well pOints Steps In thiS solution Involve

1 Identifying the well that has the IntermE~dlate water
level

2 Calculating the position between the well haVing the
highest head and the well haVing the lowest head at
which the head IS the same as that In the intermedi
ate well

3 DraWing a straight Ime between the intermediate well
and the POint Identified In step 2 ThiS line represents
a segment of the water level contour along which the
total head IS the same as that In the intermediate
well

4 DraWing a hne perpendicular to the water level con
tour and through the well With the lowest (or highest)
head ThiS mdlcates the direction of ground water
movement In an Isotropic aqUifer

5 DIviding the difference between the head of the well
and that of the contour by the distance between
the well and the contour ThiS gives the hydraulic
gradient

A large number of well measurements IS needed to
develop an accurate potentlometnc surface map Geo
statistical methods allow the estimation of water table
elevations In unsampled locations where the water table
IS approximately parallel to the ground surface (Hoek
sma et ai, 1989)

The most Important consideration In preparing a poten
tlometnc map IS that the water level measurements
should descnbe a Single flow system In an aquifer
Section 2 3 1 describes In detail some common pitfalls
In prepanng potentlometnc maps Worksheet 2-1 pro
Vides a form for compiling well information used to de-
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Worksheet 2-1. Water Well Data

Well Data (Attach drillers log):

Location' Screen Interval Depth _

Water level data

Date

Level (ft)

Pumping Characteristics'

Current non-pumping water level (feet below ground surface) __
Current pumping rate (gpm) __
Typical pumping duration (hours/day) __
Current pumping water level (feet below ground sUrface) __
Typical nonpumping duratlon (hours/day) __
Estlmated annual pumpage (pumping rate x hours/day x 365 x 60) = _
Specific capacity (pumping rate/(non-pumplng water level minus pumping water level) =__ gpm/ft drawdown*
EslJmated transmissIvity (speCifiC capacIty x 2000) = gpdlft*
Estlmated hydraulic conductiVity (transmissIvity/aqUifer thickness) = gpdltf!*

Aquifer Material:
Unconsolidated Sediments
_Gravel
_ Coarse sand
_ Medium to fine sand
_Slit
_ClaY,tlll
Consolidated Sediments
_ Limestone, Dolomite
_ Coarse, medium sandstone
_ Rne sandstone
_ Shale, siUstone
Volcanio rocks
_Basalt
_ Acid volcanic rocks
Crystalhne Rocks
_ Granite/gabbro
_ Metamorphic

AqUifer Classification:

Unconfined
_Perched
_Regional

Porosity (%)

Low

Average

High

Sources
Table(s)

Figure(s)

Confmed
_ Semlconflned
_ Highly confined
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Ksat**
(

Number ofAqUifers
_One

Two
_>Two(#__)

Specific
Yield (%)



Aquifer Boundaries

Recharge Boundanes
Interfluv

_ Losing stream
_Lake, pond
_ Sinkholes (karst)
_Injection well

Ground Water DIvide

Worksheet 2-1 (Continued)

Dlschlirge Boundanes
_ AI1eslanlpumping well
_ Gaining stream
_ Drainage ditch

Tile drains
_Springs
_ Lakes, ponds
_ Slemlconfined aquifer leakage

Expected water level fluctuatIons (see Table 2-2)

MOisture regime
_ High mOisture (H)***
_ Moderate mOisture (M)
_ Low mOisture (L)

Zone ofAeration (d)
_d m (H)***
_d=05to4m (M)
_d4m (L)

DlumaVlntemlltfent Fluctuations
_ Evapotranspiration

Tidal effects near ocean
_ Atmospheric pressure effects

Seasonal Fluctuations
_ Ground water recharge area
_ Stream bank storage effects

_ Well developecllsteep (H)***
_ Moderate/upland (M)
_ Poor/flat, bottoms (L)

Long-Term Fluctuations
_ Ground water pumpage
_ Deep-well InJection
_ Artificial recharge
_ Pond, lagoon, landfill leakage
_ AgriculturallTrlgatlon
_ Agncultural drainage
_ Geotechnical drainage (open Pit mines)

* See Section 3 2 3 for additional discussion of this simple well test for estimating hydraulic conductiVIty
** Saturated hydraulic conductivity (specify units.)
*** Rating for expected degree of fluctuation H = high, M = moderate, L = low
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Sidebar 2·1. Distribution of
Transmissivity From Flow Nets

,
Horizontal flow within a segment in a flow net can "
be calculated as (refer to figure above): '

qA = TA6HAW,./LA

where
qA == flow In segment A (m3/day)
TA := transmissivity In segment A (m2/day)

WA = average WIdth of segment
~ :s average length of segment

AHA = drop on ground water level across
segment

The flow in the next segment B IS Similarly eslcu·
lated as:

qs =Tsl\HeWeIla
11111"

v

Assuming that there is no flow added betw~~n.

segments by recharge (or that recharge is insignlf,· ~

cant), QA =qs, allOWing combination of the two
above equations and solving to Ts as follows

velop an potentiometric map ThiS information may
prove helpful In evaluating indiVidual well elevations that'
appear to be anomalous ThiS worksheet also Includes
(1) a section for recording information on pumping char
acteristics of the well, which can be used to estimate
transmissIvity and hydraulic conductiVity from speCifiC
capacity (Section 3 2 3), (2) a section for recording es
timated aqUifer properties (porosity, saturated conduc
tIVIty, and speCifiC Yield) from the aqUifer matrix type
(Section 3 2 2), (3) a section on aqUifer claSSification
and boundaries for gUidance In the selection of Simple
analytical methods (Section 4 4 and 4 5) or computer
models (Section 64) for delineation of WHPAs, and (4)
a section for recording Information characterizing the
expected degree of water level fluctuation In a well

2.2.2 Flow Nets

A potentiometric surface map can be developed Into a
flow net by constructing flow lines that Intersect the
eqUipotential lines or contour lines at right angles Flow
lines are Imaginary paths that trace the flow of water
particles through the aqUifer Although there are an Infi
nite number of both equipotential and flow lines, the
former are constructed With Uniform differences In elr
vatlon between them, while the latter are constructed so
that they form, In combination With eqUipotential lines, a
series of squares A flow net carefully prepared In con·
Junction With Darcy's Law allows estimation of the quan
tity of water flOWing through an area, and of the
variability of transmiSSIVity and hydraulic conductiVity
(Sidebar 2·1) Figure 2-11 Illustrates plan and cross-sec
fIon views of flow nets drawn for a galOlng stream (2
11[1]&[2]) and a lOSing stream (2-11[3]&[4]) Plan view
flow nets are a valuable tool in delineating the zone of
contribution to a well Table 2-3 Identifies references that
prOVide additional Information on flow net analySIS and
case studies that use thiS method

which allows calculation of TB from TA

Measurement or estimation of transmissMty for
one segment (Section 3.2) allows calculation of
variations in T upgradlent and downgradient. If
variations in aqUifer thickness are known, or can
be estimated, for different segments, variations in
hydraulic conductivity can also be calculated as
follows:

K=TIb

where
K = hydrauHc conducttvlty (m/day)
b =aqUifer thickness (m)

, '
"",
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A standard flow net assumes that the aqUifer IS IsotropiC
When an aqUifer IS aniSotropiC, commonly the case In
unconsolidated and sedimentary aqUifers, the actual
direction of ground water flow Will not be perpendicular
to the eqUipotential contours Instead, the direction of
flow Will deViate from the perpendicular at an angle that
depends on the ratio of the hOrizontal to the vertical
hydraulic conductiVity 1 Figure 2-12 Illustrates how an
Isotropy in a fractured rock aqUifer alters the direction of
ground water flow compared to that expected In an
isotropic aqUifer

1 The dIscussion here assumes that the aqUifer is anisotropic in only
two directions. with the horizontal conductivity greater than the vertical
conductivity This situation Is tyPiCal of hOrizontally layered sediments
(Fetter. 1981) Anisotropy in three directions is pOSSible. but not ame
nable to simple graphical solutions for determining flow direction
Section 3 3 5 dISCusses methods for determining anisotropy In three
dimensions
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Agure 2-12. Effect of fracture anisotropy on the orientation of the zone of contribution to a pumping well (from Bradbury et al
1991). '

Several methods are available for determining the direc
tion of flow hnes where the degree of anisotropy IS
known Figure 2-13 Illustrates a procedure for transform
ing a vertlcal anisotropic flow net to an IsotropiC section
For potentiometnc surface maps, L1akapoulos (1965)
developed a graphical teChnique for determining this
deviation This technique uses a "permeablhty tensor
elhpse," which has semi-axes equal to the Inverse
square root of the principal permeability values Figure
2-14 illustrates the five-step sequence for uSing this
method Fetter (1981) prOVides some additional gUid
ance on using this technique Section 3 3 5 proVides

L./F.a Lv1=.!::.
If., 9 3

(bl

Figure 2-13. illustration of slow net analysis for anisotropic hy
draulic conductivity In an earth dam (a) true an
isotropic section with Kx =9Kz, (b) transformed
isotropic section with Kx = Kz (from Todd, 1980)

some gUidance on how to determine directional compo
nents of hydrauhc conductiVity In an aqUifer

Figure 2-15a shows the effect of increasing anisotropy
on the directIon of ground water flow uSing permeability
ellipses for ktlkv ratios up to 9 6 Note that when the ratio
IS one (ISOtroPiC), a Circle results, so that the flow direc
tion IS perpendicular to the equipotential hne When the
ratio IS around 10 to 1 (not uncommon In sedimentary
formations), the flow line diverges almost 45 degrees
from the "expected" direction when the aXIs of the
eqUIpotential line IS at a 45 degree angle to the axiS of
maximum permeablhty Flow direction In an anisotropic
aqUifer can be perpendicular to an eqUIpotential hne If
the aXIs of greater permeability In a permeablhty ellipse
and the equipotential hne are parallel Figure 2-15b
Illustrates the effect of changes In the angle of the
eqUIpotential line With the axiS of greater permeability

2.3 Common Errors in Preparation and
Interpretation of Potentiometric Maps

Developing a potentiometric map IS not as straight
forward as preparing a topographiC map An accurate
potentiometric map reqUIres enough well observations
to develop water table contours that do not miss Impor
tant features of the flow system ConSiderable interpre
tation and JUdgment may be reqUired m developing
contours when well data POints do not seem to fit mto a
coherent pattern For example, If water level data from
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1 Construct a permeability ellipse

Permeability ellipse when K Is
greater than K". --~--

Permeability elflpse when Kh is
greater than K,

ffi
2 Draw the eqUipotential line as It IS

oriented to the permeability axes

I

Steps In the determination of ground water flow
direction In an anisotropic aqulfel (from Fetter,
1981)

Figure 2-14

3 Draw the hydraulic gradient vector
perpendicular to the equipotential line

4 Draw a tangent to the ellipse at the
point where the hydraulic gradient
vector Intersects the ellipse

5 Draw the flowline so that It
passes through the origin of the
ellipse and IS perpendicular to the
tangent

The rest of thiS chapter Identifies common errors In
contouring water level data and In interpreting the direc
tion of ground water flow uSing a potentiometric map
Filling out Worksheet 2-1 for each well In the area of
hydrogeologiC Interest may help Identify problematiC
wells that should not be used for contounng The Infor
mation may also be useful In developing hydrogeologic
interpretations of the resulting potentiometric map

Effect of anisotropy on the direction of flow (a)
changes In ratio of horizontal to vertical conduc
tiVity, (b) change in angle of equipotential line with
axis of greater permeability (from Fetter, 1981)

wells are drawn from multiple sources, measurements
In nearby wells may have been taken at different times
of the year and may not be directly comparable On the
other hand, If all the data have been collected so as to
minimiZe effects of short-term or seasonal fluctuations,
examination of individual well characteristics may yield
explanations for anomalous data POints For example, a
Single well data POint that IS far out of line With nearby
wells may be tapping a different aqUifer If an anomalous
well data POint cannot be readily explained as bemg
unrepresentative for any reason, then further field inves
tigation may be required to determine whether any lo
calized hydrogeologiC conditions are c:auslng the
anomaly

Figure 2·15

(a) (b)
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Flgur.2·16. Effect of well level measurements In recharge and discharge areas (a) Incorrect contours using well measurements
tl).at do not reflect water table surface, (b) correct contours after ellmmatlon of nonrepresentatIve well level measure
ments (from Salnes, 1981)

2.3.1 Contouring Errors

The starting point for a potentiometric map IS a base
map. The base map Identifies well locations and water
level elevations In the well and other surface hydrologic
features, such as streams, rivers, and water bodies
Drawing equlpotentlal contours requires some skill and
judgment Errors in contouring fall Into two general cate
gories' (1) failure to exclude data POints that are not
representatIVe; and (2) failure to take Into account sub
surface features that change the distribution of poten
tiometric head as a result of aquifer heterogeneity or
boundary conditions. The following are SIX situations In
which contourIng errors might occur

1. Failure to exclude well measurements from wells
cased below the water table surface m recharge and
discharge areas For example, only well c In Figure
2-1 gives an accurate reading of the water table
surface Figure 2-16a Illustrates distortIons In con
touring that result from this effect, and Figure 2-16b
shows the correct interpretation
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2 Failure to adjust contour Imes m areas oftopographIc
depreSSIons occupIed by lakes Figure 2-17a Illus
trates the Incorrect and correct Interpretations In this
situation

3 FaIlure to recogmze locally steep gradIents caused
by fault zones Figure 2-17b Illustrates how conven
tional contouring methods erroneously portray the
ground water flow systems on the two Sides of a fault

4 FaIlure to consIder localtzed moundmg ordepreSSIon
of the potentlometnc surface from anthropogemc re
charge or pumpmg Pumping wells create a cone of
depreSSion around the well (Section 4 4 2) with
steepened hydraulic gradients Agrlculturallrngatlon,
artificial recharge uSing mUnicipally treated waste
water, and artifiCial ponds and lagoons usually cause
a mounding of water tables When the source of
recharge IS confined to a relatively small area, a
localized mound develops with elevations increasing
toward the center, rather than decreaSing as In a
pumped well Area-Wide recharge Will reduce hydrau-
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Figure 2-17 Common errors In contouring w2Iter table maps (a) topographIc depression occupied by lakes and (b) fault zones
(from DaVIS and DeWiest, 1966)

hc gradients compared to natural aqUiler conditions
These features are especially significant when they
are located near a ground water divide, because
small shifts In the location of a divide may have a
major Impact on the dIrection In which contaminants
flow

5 Fa/lure to conSider seasonal and other short-term
fluctuatIOns m well levels If an aquifer expenences
seasonal high and low water tables, well measure
ments are not comparable unless they are taken at
the same time of year Other factors, such as dra
matic changes In atmosphenc pressure and precipi
tation events, might reduce the comparablhty of well
measurements even If the measurements are taken
at the same time of year

6 Use of measurements from wells tappmg multiple
aqUifers Wells In which the screenE~d Interval In-
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cludes multiple aquifers generally yield Inaccurate
water level or plezometnc measurements, because
the measured head reflects the Interaction between
heads of the Intersected aqUifers Figure 2-18 Illus
trates how the failure to differentiate measurements
from wells completed In two aqUifers, combined With
a well that connects the two, results In a apparent
depreSSion In the potentiometric surface

2.3.2 Errors in Interpretation ofFlow
Direction

As noted earher, ground water flow IS perpendicular to
contours on a potentlometnc map If the aqUifer IS ISO
tropic Failure to account for anisotropy and heteroge
neities In an aqUifer, however, can result In significant
errors In the Interpretation of ground water flow direction
FollOWing are three situations In which flow direction Will
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2 Heterogenous aqUifers with contrasting hydraulic
conductivity Figure 2-19 Illustrates an example of
divergence of flow from the direction predicted by
ground water contours as a result of a bUried channel
of higher permeability oriented across the direction
of the potentiometric surface ThiS kind of divergence
IS difficult to predict accurately Careful examination
of well logs for the areal dIstribution of materials with
contrasting hydraulic conductivity and the use of
tracer tests may help modify flow direction interpre
tations when thiS Situation occurs

3 Backwater effects In discharge areas Short-term re
verses In the direction of ground water occur when
streams or rivers are at high stage (Figure 2-20)
These effects can extend for hundreds of feet from
the stream edge Wells that may be subject to bank
storage can be Identified by monltonng changes In

water levels In response to stream flood events

2.3 3 Reverse Flow of Contaminants

Several situations can cause contaminants to flow In a
different direction from that indicated by flow net con
struction uSing a potentiometric map Dissolved con
taminants follow the direction of ground water flow
Attention should be paid, however, to the POSSIbility of
localized flow patterns that run against the general di
rection of ground water flow (mounding of ground water
caused by ponds and lagoons and backwater effects In
discharge areas) Dense leachates and non-aqueous
phase liqUids (NAPLs), on the other hand, can flow In

an entirely different dIrection from that of ground water
flow If the slope of the geologiC matenal forming the
base of the aqUifer does not follow the potentiometric
surface Figure 1-9 Illustrates a dense NAPL flOWing In

the opposite directIon of ground water flow as a result
of geologiC controls
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FIgure 2·19. DIvergence from predicted dIrection of ground
water resulting from aquIfer heterogeneity (from
DavIs ot ai, 1985)

differ from that indicated by conventional flow net con
struction using an accurate potentiometric map

1. Homogeneous, anisotropic aqUifers Figure 2-12 Il
lustrates how flow direction can diverge from flow In
an isotropic aqUifer. Section 2 2 2 discusses how to
determine the dIrection of flow in thiS Situation
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Chapter 3
Measurement and Estimation ofAquifer Parameters for Flow Equations

All methods for delmeatlon of wellhead pro1ectlon areas
(WHPAs) reqUire measurement or estlmabon of aqUifer
properties or parameters that affect ground water flow
Specific delineation methods are discussed m more
detail m the next three chapters This chapter discusses
major aquifer parameters and how they al e measured
or estimated Table 3-1 Identifies parameters used In
equations for methods covered m Chapter 4 and meth
ods for measuring or estlmatmg each parameter

3.1 Hydrogeologic Parameters of Interest

Measurement or quantification of paramet,ers, such as
pumpmg rate, hydrauhc gradient, saturated thickness,
and well speCifications listed m Table 3-1, IS relatively
straightforward Other parameters such as transmiSSIV
Ity, travel time, and velocity are readily calculated once
values for the parameters from which they are denved
are known This chapter focuses on three cntlcat aquifer
parameters that reqUire relatively sophisticated field or

laboratory procedures for accurate measurement (1)
POroSity, (2) speCific yield (or storatlvlty for confmed
aqUifers), and (3) hydraulic conductivity (mcludlng an
Isotropy) Another Important aqUifer characteristic, het
erogeneity, Involves delmeatlon of spatial variations In
these properties Heterogeneity IS discussed further m
Chapter 5 (HydrogeologiC Mapping)

3.1.1 Aquifer Storage Properties: Porosity
and Specific YieldlStorativity

PorosIty, expressed as a percentage or decimal fraction,
IS the ratio between the openmgs m the rock and the
total rock volume It defmes the amount of water a
saturated rock volume can contam If a umt volume of
saturated rock drams by gravity, not all of the water It
contams will be released The volume dramed IS the
speCIfIC Yield, a percentage, and the volume retained IS
the specific retention Therefore, porosity IS equal to

Table 3-1 Aquifer and Other Parameters Requlr<!ld for Different WHPA Delineation Methods

Parameter Symbol WHPA DelineatIon Methods· Measurement Methods

estimated from tables, measured from
aquifer samples

Well log

Potentiometric map

Chosen or calculated for the specified
distance

Estimated from tables, pumping test

Potentiometric and geologJc logs

Estimated or measured at wellhead

Cylinder method

Cylinder method, analytical solutions for pump
tests

Cylinder method, time of travel equations

Calculated fixed radius, time of travel
equations

lime of travel and drawdown equations

Some time of travel equations, most
drawdown equations

lime of travel equations, some drawdown
equations

lime of travel equations

n

H

Q

v

K

b

Velocity

Hydraulic conductivity

Saturated thickness

Aquifer porosity

Open Interval or length
of well screen

Travel time

Calcuated from other parameters, tracer
tests

SpeCific yield or storatlvlty S Some tlml; of travel equations, most Estimated from tables, pumping test
drawdown equations

Drawdown s Selected for drawdown equations Chosen or calculated from pump test data

TransmisSIVity T Some time of travel equations, most Hydraulic conductivity (K) times the aquifer
drawdown equations thickness (b)

Hydraulic gradient

Pumping rate of well

* Cylinder method IS discussed In Section 43 2, time of travel methods are covered In Section 44 and drawdown methods In Section 45
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Figure 3-2 Textural classification triangle for unconsolidated
materials showing the relation between particle size
and specific yield (from Morris and Johnson, 1967)

S,1t size (percen\)

As discussed In Section 2 1 4, the presence of secon
dary porosity complicates ground water flow analySIS,
and the relative proportions In relation to total porosity
must be measured or estimated where secondary po
rosity contrrbutes sigmflcantly to ground water flow Ta
ble 3-2 Identifies measured or ''typical'' values/ranges of
porosity for a vanety of aqUifer matenals The data from
Heath (1983) and Brown et al (1983) provide some
information about the relationship between primary and
secondary porosity, which rarely exceeds 10 percent
However, this percentage may account for most of the
actual flow of ground water Figure 3-3 provides some
additional information on the characteristics of secon
dary porosity In different types of rocks

Another Important term IS storativily (S), which de
SCribes the quantity of water that an aqUifer Will release
from storage or take Into storage per Unit of ItS surface
area per umt change In head In unconfined aqUifers, the
storatlVlty IS, for all practical purposes, equal to the
specific yield Table 3-3 Identifies measured or ''typical''
values/ranges of specifiC yield for a vanety of aqUifer
matenals The storatlvlty of confined aqUifers IS substan
tially smaller, because the water released from storage
when the head declines comes from the expansion of
water and compression of the aqUifer, both of which are
very small For confined aqUifers, storatlvlty generally
ranges between 0 005 and 0 00005, With leaky confined
aqUifers failing In the high end of thiS range 2 The small
storatlvlty of confined aqUifers means that a large pres
sure change throughout a Wide area IS needed to obtain
a suffiCient supply from a well ThiS IS not the case With
unconfined aqUifers, because the water derived IS not

1
100
Cobbles

10
Gravel

•

(a)

SPECIFIC RETENTION

(b)

1
01 1 1

Sand
Medlonlfllin SlZIl

0.01
SIt

(Wcn-scmd .qu,rcrs)~ retanlJon (Average m.ten.O...... ------ -- -
0.001
Clay

III.. •
40

;II

~ '0
II

! 10

U

10

•
0

GO

20

II§ FlIW IIIedi QlIno Iwi AM I=I QlIno I~
MAXIMUM 10" GRAIN SIZE, MM

24.1132

specific yield plus specific retention Knowing any two of
these terms allows calculation of the third 1

Figure 3-1 shows graphs of the relationship between
porosity, specific yield and specific retention for uncon
solidated matenals With texture ranging from clay and
slit to gravel. Porosity and specific yield of alluvial, un
consolidated aqUifers can be estimated from these fig
ures if particle size data are available Figure 3-1a
requires knowing the grain size at which the cumulative
total, beginning With the coarsest matenal, reaches 10
percent of the total sample Figure 3-1 b IS based on the
median grain size Both of these particle size parame
ters can be determined from conventional particle-size
dlstnbution analysis Figure 3-2 can be used to estimate
specific yield in unconsolidated materrals If only the
sand, slit, and clay percentages are known

FIgure 3-1. Porosity, specific yield, and specific retention (a)
mean curves for South Coastal Basin In the Los
Angeles area of California (adapted from Todd,
1959, by Devlnny et ai, 1990), (b) alluvium from
large valleys (from Davis and DeWiest, 1966, usIng
varIous sources)

1This Includes only Interoonnected pores through which water can
now. Isolated pores, whether alr- or water-filled, can be considered
part of the solid volume of a rock for purposes of ground water flow
analysis
2 0 0001 to 0 00001 may also be cited In the literature as a typical
range
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Table 3-2 Porosity (% of Volume) of Different A'C1ulfer Materials

SoillRock Types (1) P/S* (2) P/S* (3)*** (4) (5) (6) (7)****

UnconsolIdated Sediments

Gravel 201- 30-40/- 237-441 25-40 25-40
Coarse 20-35
Medium 20-35
Fine 20-40

Sand and gravel 20-35
Sand 25/- 260-533 25-50 15-48

Gravelly 20-35

Coarse 30-401- 25-45
Medium 25-45

Medium to fine 30-35/-
Fine 25-55
Dune sand 35-45

Slit 4O-50Iyes** 339-611 35-50 35-50 35-60
Clay 501- 45-55/yes·· 342-569 40-70 40-70 35-55

Sandy 30-60
lill 45-551yes" 25-45
Unstratified dnft 221-406
Stratified draft 34 6-59 3
Loess 440-572 60-80
Peat 60-80
SOil 55/-
Alluvium 10-40(30)

Basin fill 5-30(20)
Ogalla formation 15-45(35)

ConsolIdated Sediments

limestone 10/10 1-50Iyes·· 66-557 0-20 0-20 5-55 1-20(4)
Karst 5-50 5-50
Chalk 5-40

Dolomite 1-50Iyes·· 191-327 0-20 0-20
Sandstone 137-493 5-30 5-40 1-20(10)

Semlconsolldated 10/1 1-50
Coarse, medium <20Iyf's··

Fine, argillite <10/yes··
Siltstone -Iyes," 21 2-41 0 20-40
Shale -/yes·· 14-97 0-10 0-10

Crystallme Rocks

Granite (unaltered) -101 0-2
Crystalline (fractured) 0-10
Crystalline (dense) 0-5 0-5
IgneouslMetamorphlc -/yes··

Weathered 40-50
Unaltered gneiss 0-2
Quartzite 0-1
Slates/mica schists 0-10

Volcamc Rocks

Basalt 10/1 -/yes"
Fractured 5-50 5-50 5-50

Volcanic tuff 30-40 10-40
ACid volcanic rocks

* P =pnmary porOSity, S =secondary porosity
.. Rarely exceeds 10 percent
.*. Compiled by Barton et al (1985)
••*. Number In parentheses IS typical value
Sources (1) Heath (1983), (2) Brown et al (1983), (0) Morns and Johnson (compIled by Barton et ai, 1985), (4) Freeze and Cherry (1979),

(5) Sevee (1991), (6) Devlnny et al (1990), (7) WIlson (1981)
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Soconduy
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SedIments, unconsolidated
Oravcl 30-40
Coarse sand 30-40
MedIum to flne sand 30-35
SlIt 40-50 Occasional
Clay, till 45-55 Rare (mud cracks)

Scdlmects. consolidated
IJmestoce. dolonultl 1-50 Solution jowts,

planes
Coarse. medium sandstone < 20 Joints and

fractures
F1nc sandstone., araiWto < 10 Joints and fractures
Shale, siltstone JOJDts and fractures

Wollylelds
Type of

water bearlne unit
10' 10' 10 • 10" 10" 10" High Medium Low

AqUifer
AqUifer
AqUifer
AqUIclude
Aquiclude

------- AqUifer O( aquifuge

AqUifer or aquiclude

AqUifer or aqUIfuge
AqUIfuge or aqUifer

Vokanlc rocks
Basalt
Acid volcanIc rocIcs

Crystalline roclcs
Plutonic and
metamorpluc

Jolnt$, fractures

Weathenng and
fractures
decreasJDg as depth
mereases

AqUIfer or aqUIfuge
Aquifuge or aquuer

AqUIfuge or aquifer

Figure 3-3. Porosity, permeability, and well Yields of major rock types (from Brown et ai, 1983)

related to expansion and compression, but Instead
comes from gravity drainage and dewatenng of the
aquifer

3.1.2 Water-Transmitting Properties:
HydraUlic ConductiVity and
Transmissivity

The terms permeabllJty (P) and hydraulJc conductiVity
(K) are often used Interchangeably to refer to the ease
WIth which water moves through soli or an aqUifer under
saturated conditions Hydrogeologlsts draw a distinction
between mtnnslc permeability (k-a property of the po
rous medium alone that IS Independent of the nature of
the liqUid or potential field) and hydraUlic conductIVIty
(K-a function of both the medium and the flUid flOWing
through It) A precise definition of hydraulic conductIVIty
is:

The quantity of water that Will flow through a Unit
cross-sectional area of a porous matenal per Unit of
time under a hydraulic gradient of 1 0 (measured at
right angles to the direction of flow) at a speCifIed
temperature (Nielsen, 1991)

The terms hydraulic conductiVity and permeablhty In thiS
handbook refer to saturated hydraUlic conductiVity un
less otherwise specified Soli permeability rates are typi
cally reported In Units of Inches/hour based on
percolation tests Hydraulic conductiVity may be re
ported in a vanety of Units Ilm/second, cm/second,
m1second, ftlday. and gpd/tt2 (gallons per day per
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square foot) Currently, centimeters per second IS prob
ably the most commonly used unit Hydraulic conductiV
Ity values range Widely from one rock type to another
and even Within the same rock Table 3-4 shows meas
ured ranges of hydraulic conductiVity for vanous uncon
solidated and consolidated sediments and typical values
for unconsolidated matenals for which the Unified SOil
claSSificatIOn IS known

Figures 3-3 to 3-6 show ranges of hydraulic conductiVity
and permeability from a number of different sources
Note also that Figures 3-4 and 3-5 prOVide nomographs
for approximate conversions between different Units of
intrinSIC permeability (k) and hydraulic conductiVity (K)
Figure 3-7 can be used to estimate hydraulic conductiV
Ity of unconsolidated matenals based on general claSSI
ficatIOn (Figure 3-7a) from particle-size dlstnbutlOn
curves of allUVial sands (Figure 3-7b}3 and from median
grain size of stratified drift aqUifers (Figure 3-7c)

3 To use the nomograph 3-7(b)(II), on the right-hand Side of Figure
3-7b, the particle-size distribution curve 3-7(b)(I) must be plotted using
p Units, where p = -log2d, d being the grain size diameter In mm The
mclusive standard deViatIon must also be calculated as follows

0'1 =(d16 - d84)/4 +(ds - d9S)/6 6
where the subSCripts for d (In P Units) represent the cumulative per
centage finer than that diameter

Figure 3-7(b) prOVides an illustrative example Median grain size
dso IS first determined from the particle-size curve, 3-7(b)(I) (2 0 In the
example) The InclUSIVe standard deViation (calculated from the data
used to plot the curve) in the example (0 8) has been Interpolated
between the curves in the nomograph on the right, 3-7(b)(II), Yielding
an approximate K of 0 7 cm/mln



Table 3-3 SpecIfic Yield (%) for Different Aquufer Materials

Soli/Rock Types (1) (2) Mean (2) Range (3) (4) (5)

Unconsolidated Sediments

Gravel 19 15-30
Coarse 21 13-25 10-25
Medium 24 17-44 15-25
Fine 18 13-28 15-35

Sand and gravel 15-25 15-30
Sand 22 10-30

Gravelly 20-35
Coarse 30 18-43 20-35
Medium 32 16-46 15-30
Fine 33 1-46 10-30
Dune sand 38 32-47 30-40

Slit 20 1·39 1-30
Loess 18 14-22 30-50

Clay 2 6 1·18 1-10 1-20
Sandy 1-30

Till 5-20
Peat 30-50
SOil 40
AlluVium 1-25(15)

Basin fill 1-30 (15)
Ogalla formation 1-30(20)

Consolidated Sediments

Limestone/Carbonate 18 14 0-36 05-5 1-24 1-5(2)
Sandstone 5-15

Semiconsohdated 6 1-48 01-5(1)
Medium 27 12-41
Fine 21 2-40

Siltstone 12 1·33 1-35
Shale 05-5

Volcamc Rocks

Basalt 8
Fractured 1-30

Tuff 21 2-47 2-35

Crystallme Rocks

Granite 009
Schist 26 22-33
Crystalline (dense) 0-2
Igneous/Metamorphic

Weathered 20-30

Sources (1) Heath (1983), (2) Moms and Johnson (1967), as complied by McWhorter and Sunada (1977), (3) Sevee (1991), (4) Devlnnyet
at (1990), (5) Wilson (1981)

A large number of empirical equations have been devel
oped to estimate hydraulic conductivity based on texture
(particle size distribution) of unconsohdated matenals
Alyamanl and Sen (1993), Bedinger (1961), Cosby at al
(1984), Hazen (1893), Hendry and Paterson (1982),
Horn (1971), Krumbern and Monk (1942), Puckett et al
(1985), Uma et al (1989), Vukovlc and Soro (1992),
Wlebenga et al (1970) Figure 3-7d Illustrates a pat1lcle
size dIstribution plot and five of these emplncal equa
nons Such equations can be a useful &upplement to
other measurements or estimates of hydl auhc conduc-
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tlVlty, but should be used With care BradbUry and Mul
doon (1990) found that application of the five equations
to unhthlfled glaCial and flUVial matenals provided esti
mates of hydraulic conductivity that spanned three or
four orders of magmtude for any given lithostratigraphic
Unit Each method IS most applicable for the type of
unconsohdated matenal used to denve It and should not
be extended to other types of lJ1atenal Without field tests
to venfy the results

Figure 3-8 shows the range of measured permeablhtles
of glaCIal tills In vanous locations McKay et al (1993)
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OH
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Pt

SP

SW

OL

GP

Unconsolidated Matene/s·
Gravel
(repacked)
Sand
Silt
Clay

Unslmbfled drift
Stratlfled drift
Loess
S8dfmentery Rocks·
Sandstone
Siltstone
Shale
Umestone
Dolomite

Unlfl8d Soft Classfffcat/on"
GW Well graded gravels,

gravel-sand mixtures, little or no
f1nas
Poorly gradad gravels,
gravel-sand mixtures, little or no
fines
Silty gravels, gravel-sand-silt
mixtures
Clayey gravels, gravel-sand-elay 10-6 to 10-8
mixtures
Well graded sands, gravelly
sand, little or no fines
Poorly graded sands, gravelly
sands, little or no fines
Silty sands, sand-silt mixtures
Clayey sands, sand-elay
mixtures
Inorganic silts and fine sands,
silty or clayey fine sands or
clayey silts WIth slight plasticity
Inorganic clays of low to
medium plasticity, gravelly
clays, sandy clays, Silty clays,
lean clays
Organic slits and organic Silty
clays of low plasticity
Inorganic silts, micaceous or
diatomaceous fine sandy or silty
solis, elastic silts
Inorganic clays of high plasticity, 10-6 to 10-8
fat clays
Organic clays of medium to
high plasticity, organic silts
Peat and other highly organic
soils

GO

GM

CH

SM
SO
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conductivity values for geologic materials (adapted
from Freeze and Cherry, 1979, by Thl)mpson et al ,
1989)

found that field measurements of hydraulic conductivity
In glacIal till were generally two to three orders of mag
mtude higher than laboratory measurements on cores
This study also found that field values measured In
conventional augered piezometers were typically one to
two orders of magmtude lower than those measured In

pIezometers deSIgned to reduce smearing

If the porosIty and texture of a consolidated sandstone
aqUifer IS known, Figure 3-9 allows estImation of perme
ability In mlilldarcys (see Figure 3-5 for nomograph to
convert darcys to hydraulic conductIvIty values) Section
3 3 describes the use of these tables for estimating
hydraulIc conductivity from geologic data

TransmissIvity (T), a term derived from hydraulic con
dUCtiVity, describes the capacity of an aqUifer to transmIt
water TransmisSIVIty IS equal to the product of the aquI
fer's saturated thickness (b) and the hydraulIc conduc-
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Figure 3-7 Saturated hydraulic conductivity of unconsolidated materials (a) various materials (from Klute and Dirksen, 1986), (b)
determination from grain-size gradation curves for sands (Freeze and Cherry, 1979, after Masch and Denny, 1966), (c)
relationship between grain size and hydraulic conductivity in stratified drift aquifers (Connecticut Department of Envi·
ronmental Protection, 1991, (d) sample particle-size distribution curve and five empirical equattons used to estimate
hydraUlic conductivity of unconsolidllted materials 050 =median diameter, in millimeters, 010 =diameter, in millimeters,
at which 10% of the sample is finer, Dm =mean diameter, in millimeters, a~ =phi standard deviation, %sa =percentage
of the sample coarser than 0 05 mm, %cl =percentage of the total sample finer than 0 002 mm (BradbUry and Muldoon,
1990)
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FIgure 3-8. Range of permeability of glacial tills • =laboratory
measurements (Norris, 1963), circled clusters of
dots based on pumping tests (Norris, 1963), Ontario
data from McKay et al (1993) with solid line indi
cating range of laboratory measurements and
dashed line Indicating the range of mean values
using four different types of piezometer construc
tion for field measurements

tlVlty (K) It IS commonly measured In Units of gpd/ft of
aqUifer thickness

(3-1)

(3-2)

T= Kb

Q=KIA

3.1.3 Darcy's Law

Darcy's Law, expressed In many different forms, allows
calculation of the quantity of water flOWing through a
defined area of an aquifer, provided that the hydraulic
conductivity and the hydraulic gradIent are known One
means of expressing Darcy'S Law IS

where
Q =quantity of flow per Unit of time, In gpd
K =hydraulic conductivity, In gpd/ft2

I =hydraulic gradient, In ftlft
A =cross-sectional area through which the flow

occurs, In tt2
Darcy's Law assumes that flow IS laminar, which means
that the water Will follow distinct flow lines rather than
mix With other flow lines Most ground water flow In

porous media IS laminar The equation does not work for
turbulent flow, as In the case of the unusually high
velOCity that might be found In fractures or solution
openings or adjacent to some pumping wells

Figure 3-10 shows an example of the use of Darcy's
Law In thIS case, a sand aquifer about 30 feet thick lies
Within the flood plain of a nver about 1 mile Wide The
aqUifer IS covered by a confining Unit of glaCial till, the
bottom of which IS about 45 feet below the land surface

Krasny (1993) has recently descnbed a standard clas
Sification scheme for transmissIvity of local and regional
aquifers based on magnitude and vanatlon
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FIgure 3-9. RelationshIp between porosity and permeability for
sandstone In various grain-size categories (Freeze
and Cherry, 1979, after Chlllngar, 1963)

Figure 3-10 USing Darcy'S Law to estimate underflow in an
aquifer
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The difference In water level In two wells 1 mile aparl. IS
10 feet, and the hydraUlic conductivity of the sand IS 500
gpdlft2 Therefore, the quantity of underflow moving
through the cross-section In Figure 3-10 IS

Q =KIA =500 gpdlft2 x (10 ftl5280 ft) x (5280 x 30) =
150,000 gpd

Ground water moves through both aqUifers and confm
109 Units Because hydraulic conductiVity commonly dif
fers between aqUifers and confmmg Units by several
orders of magnitude, the head loss per unrt of distance
10 an aqUifer IS far less than 10 a confining Unit Conse
quently, lateral flow In conflnmg Units IS small compared
to that 10 aquifers, but vertical leakage throucJh them can
be significant Because of the large differences 10 hy
draulic conductivity, flow lines In aqUifers tend to parallel
the boundanes, but 10 confining Units they are much less
dense (Figure 3-11) The flow lines are refracted at the
boundanes to produce the shortest flow path In the
conflmng umt, With the angles of refraction proportional
to the differences In hydraulic conductNity

3.2 Estimation of AqUifer ParamE!ters

The cntlcal aqUifer parameters of porOSity, speCifiC Yield,
and hydraulic conductiVity are typically not measured for

most water wells Therefore, the Imtlal stages of the
wellhead protection delineation process often reqUire
estimation for one or more of these parameters Estima
tion reqUires some knowledge of the geologiC character
of the aqUifer and data on the ranges or typical values
that have been measured 10 Similar settmgs elsewhere
When used cautiously, such estimates can Increase the
effectiveness and reduce the cost of any reqUired field
measurements and additional data collection

3.2.1 Estimation From Soil Survey Data

When aqUifers are In unconsolidated depOSits and the
water table IS relatively near the surface, soli surveys
published by the Soli Conservation Service (SCS) of the
U S Department of Agnculture are an excellent source
of Information about the character of subsurface mate
nals and SOil hydrologiC properties A two-page SOil se
nes descnptlon sheet and a two-page SOil survey
Interpretation sheet are available for every established
soli senes 10 the Unrted States Table 3-5 summanzes
the InformatIon that IS available from these records The
table highlights In bold-face type the Information that
may be useful for geologiC and hydrogeologic mterpre
tatlons

SCS solis surveys typically do not proVide any detailed
Information deeper than 5 feet below the ground sur-

----:' .::---... ... ... -:'="...

--- -- -- lAnd Surface - __

Figure 3·11 Ground water flow and equipotential lines as a function of different hydraulic conductivity (from Heath, 1983)
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Tablo 3-5. Types of Data Available on SCS Soli Series
DescrIption and InterpretatIon Sheets

Soli Sorles Description Shoot
Taxonomic class
TypIcal 8011 profile description
Ranse of characteristics
Geographic setting
GeographIcally associated solis
DraInage and permeability
Use and vegetation
Distribution and extent
Location and year series was established
Remar1<s
AvanabUtty of additional data

Soli SUNOy Interpretations Sheet·
estimated 5011 properties (major horizons)

Texture class (USDA, Unlfled, and AASHTO)
PartIcle size dIstrIbution
Uqutdllmlt
Plastlcity Index

Moist bulk density (g/cm3)

Permeability (In1hr)
Available water capacity (InIIn)
Soil reaction (pH)
Salinity (mmhoslcm)
Sodium absorbtlon ratio
Cation exchange capacity (Mel100g)
Calcium carbonate (%)
Gypsum (%)

Organic matter (%)
Shflnk-swell potential
Corroslvlty (steel and concrete)
Erosion factors (K,T)
WInd erodabllity group
flooding (frequency, duratIon, months)
High water table (depth, kInd, months)
Cemented pan (depth, hardness)
Bedrock (depth, hardness)
Subsidence (Initial, total)
Hydrologic group
Potential frost action

UselSultabnlty ratings
Sanitary facilities
Source material
Community development
Water management
Recreation
Crop/pasture capability and predicted yields
Woodland SUitability
WtOdbreaks (recommended species for planting)
Wildlife habitat SUitability
Potential native plant community (rangeland or forest)

Noto Boldface entries are particularly useful for evaluating contami
nant transport

• Units Indicated are those used by SCS
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face, but they do prOVide a general indication of the type
of deeper geologiC matenals In the absence of, or In
combination With, other geologiC data about the area of
Interest, thiS information prOVides a baSIS for estimating
porOSity, speCifiC Yield, and hydraulic conductiVity, as
discussed In the next section

If a published SCS SOil survey IS available for a site of
Interest, the information in lable 3-5 Will be contained In
the report, but scattered In different locations It IS prob
ably useful to obtain the Single SOil senes descnptlons
and interpretations (usually available from the SCS
State Office as a four-page handout) as a convement
consolidated reference for the SOil senes of mterest ThiS
sheet should be checked agamst data m the published
soli survey, however, smce the SOil survey often Will have
additional data speCifiC to the county m question

3.2.2 Estimation From Aquifer Matrix Type

PorOSity, speCifiC Yield, and hydraulic conductiVity fall
wlthm reasonably well-defmed ranges for most aqUifer
matenals, although some rocks, such as basalt, encom
pass the entire natural range of hydraulic conductiVity
(see Figure 3-3) The followmg tables and figures pro
Vide mformatlon compiled from a vanety of sources

Porosity Table 3-2 and Figure 3-1
SpeCifiC Yield Table 3-3 and Figures 3-1 and 3-2
Hydraulic ConductiVity Table 3-4, Figures 3-2 through

3-9

Sources may differ somewhat m the ranges given for a
speCifiC aqUifer matenal These differences probably
eXist because of slight differences m the way the mate
nal has been defmed, or because different sets of data
measurements were exammed Worksheet 2-1 (water
well data) prOVides space for compiling mformatlon on
aqUifer charactenstlcs Below are some gUidelines for
estlmatmg porOSity, speCifiC yield and hydraulic conduc
tiVity for a speCifiC WHPA

1 DefIne the nature of the aqUifer matenal as thor
oughly as pOSSible, usmg available well logs, soli
surveys, geologiC maps, and hydrogeologIC maps

2 On the well data worksheet, enter values (or ranges)
for POroSity, speCifiC Yield, and hydraulic conductiVity
from all sources m the tables and figures Identified
above that proVide data on Similar or related aqUifer
materials

3 If the sources prOVide different ranges for the same
matenal, review the tables and/or figures agam to
see If any subtle distinctions m the way the matenals
are descnbed might make one more appropnate for
the aqUifer m question

4 Select a range of values that seems reasonable
based on the mformatlon available, and enter the
range m the well data worksheet For aqUifer maten-



Table 3-6 Aquifer CharacteristIcs Affecting Porosity, SpecifiC
Yield, and Hydraulic Conductivity

als with a wide possible range, the range should be
narrowed based on the presence or absence of char
actenstlcs that tend to mcrease or decrease the pa
rameter In question (Table 3-6)

3.2.3 A Simple Well Test for Estimating
Hydraulic Conductivity

The next section descnbes more complex well tests for
measunng aquifer parameters, but a rough estimate of
hydrauhc conductIVIty IS possible If three easily meas
ured parameters are known (1) the static water level
pnor to any pumpmg, (2) the normal well pumping ri:lte,
and (3) the level to which water drops atter pumpmg
starts and stays when inflow mto the well equals the
pumping rate Drawdown IS the difference between the
static level and the level to which the water drops dunng
pumping The discharge rate of the well divided by the
drawdown IS the specific capacIty, not to be confused
With specifiC yield (Section 3 1 1) The specifiC capacity

Table 3-6 Identifies factors that tend to mcrease or de
crease porosity, specifiC Yield, and hydrauhc conductiv
Ity Interactions between factors may mitigate or offset a
given tendency Many of the same factor'> tend to 10

crease and decrease all three factors, but there are
some mterestmg differences Porosity tends to decrease
as particle size mcreases, whereas the reverse IS true
for hydrauhc conductiVity ThiS IS because clays have a
high porosity, but the size of pores IS so small that water
moves very slowly SpecifiC Yield, on the other hand, IS
typically highest In sandy matenals and generally de
creases With larger and smaller particle sizes ThiS IS
because as particle size mcreases to gravels, the pore
space available to store water decreases, and as parti
cle size decreases, water drams less readily from the
smaller pores

TransmissIvity estimates based on specifiC capacity
measurements, however, are commonly low because of
well construction details (e g ,screen length IS less than
the thickness of the aquifer) Worksheet 2-1 contams
space for recordmg Information for calculatmg the spe
CifiC capacity of a well

4 The section and table references In Table 3·7 refer to sections and
tables In the EPA guide from which the table is taken (U S EPA, 1993)
containing additional Information about the technique This guide Is
available from EPA's Center for Environmental Research Information

SpecifiC capacity = QJwd (3-3)

3.3.1 Shallow Water Table Tests

All the teChniques 10 Table 3-7 for shallow water table
measure hydrauhc conductiVity The auger hole method
IS the most Widely used ThiS method Involves bonng an
open hole below the water table, removmg water, and
measuring the water level at mtervals until water
reaches the orlgmallevel Other methods may be more
appropriate for different site conditions ThiS type of test
IS generally not sUitable for purposes of WHPA dehne
ation, because It reqUires a water table near the surface
and measures only hydraulic conductiVity of the upper
part of the aqUifer An exception may be In areas where
potential contamination from agricultural chemicals In
the wellhead area IS a concern Because the tests are

3.3 Field Measurement of Aquifer
Parameters

Detailed diSCUSSion of field methods for measunng aqUi
fer parameters IS beyond the scope of thiS handbook,
but thiS section provides a general diSCUSSion of major
field methods Table 3-7 provides summary mformatlon
on more than 30 specifiC aquifer test techniques 4 These
are broadly grouped mto (1) shallow water table tests,
(2) well tests, (3) tracer tests, and (4) other techniques
Each group IS discussed bnefly below

K = T/b = 2,000 x specifiC capaclty/b (3-4)

where
Q = discharge rate, 10 gpm

wd =well drawdown, 10 ft (elevation of static water
surface - elevatton when pumped)

If a well produces 100 gpm and the drawdown IS 8 feet,
the well will produce 12 5 gpm for each foot of available
drawdown Multiplying specifiC capacity by 2,000 gives
a crude estimate of transmissIvity (T =2,000 x specific
capacity), which 10 turn can be used to estimate hydrau
hc conductiVity by rearrangmg equation 3-1

Indicates how much water the well will produce per foot
of drawdown It can be calculated by the followmg equa
tion

Poorly sorted
Unstratified
cemented/lllhified
Low secondary porosity

Poorly sOl1ed
Irregular-s.haped
particles
Unstratified
Large partlcle size
Cemented/ilthified
Low secondary porosity

Gravel, silt, clay
Low secondary porosity

Clay

Tendency To DecreaseTendency To Increase

Well sorted (same size)
Stratified
Unconsolidated
High secondary porosity

Well sorted (same size)
Rounded particles

Stratified
Small particle size
Unconsolidated
High secondary porosity

Sand particle size
High secondary porosity

Gravel, sand

SpecifiC Yield

Hydraulic
Conductivity

POroSity

Parameter
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Table 3-7. Summary Information on Aquifer Test Methods

Tlchnlque
Confined!
Unconfined

Porousl
Fractured

Aquifer
Properties
Measured

Chapter
Sectlona

Both
Both
Both
Both
Both
Both

Both
Unconfined
Unconfined
Both
Both
Unconfined
Unconfined

Unconfined
Unconfined
Unconfined
Unconfined
Unconfined
Unconfined
Unconfined
Unconfined
Unconfined
Unconfined

Shalfow Waler Tabl6

Auger Hole
Pit Baling
Pumped Borehole
Piezometer
Tube
Wen Point
Two-Hole
Four-Hole
Multiple-Hole
Drainage Outnow

WoN Tests

Slug (InjectlonlWithdrawal)
Slug (Displacement)
Single-Well Pump
Multiple-Well Pump
Single Packer
1\Yo·Packer"··

Trac9fS

Ions
Dyes
Gases
Stable Isotopes
Radioactive Isotopes
Water Temperature
PartlculatesIMlcroorganlsms

Other Thchnfques

Water Balance Unconfined
Moisture Profile Unconfined
Shallow Geothermal Unconfined
Auld Conductivity Log Both
Neutron Activation Both
DIfferential Temperature Log Both
Aow Meters Both
Single-Well Tracer Methods Both
Other BOl'ehole Methods Both
PIezometric Map Both

Porous
Porous··

Porous
Porous
Porous··
Porous
Porous
Porous
Porous
Porous

Porous
Porous
Porous
Porous
Both
Both

Both
Both
Both
Both
Both
Both
Both

Both
Porous
Porous
Both
Both
Both
Both
Both
Both
Both

K (honzontal)"
K (undefined)
K (undefined)
K (undefined)
K (vertical)
K (undefined)
K (undefined)
K (undefined)
K (undefined)
K (undefined)

K,H, T
K, H,T
K,S,T
A, K, S, T
K,H, T
K,H, T

D,F,V
D, F, V
D, F, R, V

D, F, R, V

D, F, R, V, r·--
D, F, V
D, F, V

R
S
F,R
F
F, H, V
F
F, H, V
F, H, V
H
F, H

421
421
421
422
422
422
423
423
423
423

431
431
432
432
433
433

441
442
443
444
445
446
447

451
452
162
313
335
352
353-355
356
Section 3
41

4-5,7-2
4-5
4-5
4-5,7-2
4-5
4-5
4-5
4-5,7-2
~5

4-5

4-5
4-5
4-5
4-5
4-5
4-5

4-3
4-3,4-6
4-3
4-3,4-6
4-3,4-6
4-3
4-3,4-6

4-5

• Chapter section and tables covering tOPiC In U S EPA (1993)
Boldface", most commonly used methods

Am anisotropy; D '" dlsperslVlty; F =flow direction, H =heterogeneity, K = hydraulic conductiVity, R = recharge/age, S = speCific storage/yield,
T", Transmissivity; V = VelOCity

• Directional ratings are qualitative in nature Different references may give different ratings depending on site conditions and cnteria used to
define directionality For example, U S EPA (1981) and Hendnckx (1990) note that thiS method often measures pnmarlly horizontal conductiVity,
whElfeas Bouma (1983) Indicates that the direction IS undefined (see Figure 7-2)

.. Can be used in rocky solis, other methods generally reqUire fine-gralned SOils

... Can be used to measure saturated hydraUlic conductIVIty both above and below the water table In open holes In consolidated rock
•••• Actual uses are much more restncted due to health concerns
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relatively fast and Inexpensive, they may bE' useful for
measunng vanatlons In hydraulic conductivity In the
wellhead area with a shallow water table

3.3.2 Well Tests

Well tests are the most common and versatile methods
for directly measunng aqUifer parameters Tiley fall Into
three main categones (1) single-well slu~1 tests, (2)
pumping tests (single and multi-well), and (3) packer
tests (slngle- and two-packer) Slug tests Involve meas
unng the rate at which water In a well returns to ItS initial
level after (1) a sudden injection or wlthdlrawal of a
known volume of water from a well, or (2) Instantaneous
displacement by a float, weight, or change In pressure
Pumpmg tests Involve removing water from a well over
a penod of time from days to possibly weeks and meas
unng the changes In water levels In the pumping well
(Single-well test) and adjacent mOnltonng wells (multi
ple-well test) Packer tests are used to measure hydrau
lic conductivity In Isolated sections of a borehole by
mOnltonng the time-pressure response of the aqUifer
section when water IS Injected The data from well tests
are plotted and matched against curves calculated uSing
analytical solutions to ground water flow appropnate for
the well construction and aqUifer charactenstlcs (Sec
tion 45)

As Table 3-7 indicates, all well tests measUle hydraulic
conductivity, but the types of other aqUifer parameters
that can be obtained from these tests vary Slug and
packer tests proVide information on relatively small por
tions of an aqUifer, but are relatively easy to conduct and
consequently are well-SUited for charactenzlng aqUifer
heterogeneity Pumping tests are more complex and
difficult to carry out, but proVide information on a larger
portion of the aqUifer Pumping tests are the only well
test method that prOVides Information on the aqUifer
storage properties of an entire aqUifer

A key element of aqUifer testing IS the selection of an
appropriate analytical solution, or type curve developed
from an analytical solution, to analyze the test data
Charactenstlcs of the aqUifer should not Violate the as
sumptions used In developing the analytical solution
Checklist 4-1 should be used to Identify key aqUifer
charactenstlcs that affect aqUifer test results ASTM
(1991) prOVides gUidance on the selection of aqUifer well
test methods Figure 3-12 proVides a decl~,lon tree for
the selection of methods covered In that gUide Table 3-8
prOVides an Index of references that give analytical so
lutions to aqUifer test data according to pump test con
ditions and type of test ThiS table Includes qUite a few
references not Cited In ASTM (1991) and IS, most likely
to be useful when aqUifer conditions depart Significantly
from assumptions In the most commonly USE'd analytical
methods (Sections 4 4 and 45)
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Well test methods are best SUited for porous media, and
most methods tend to give misleading results where
fracture or condUit flow IS an Important component of
ground water flow Section 5 4 2 discusses how the
response of an aqUifer to pumping can be used to
evaluate whetner fracture flow IS a Significant compo
nent of flow m an aqUifer

3.3.3 Tracer Tests

Ground water tracers are primarily used to Identify the
source, direction, and velOCity of ground water flow and
the disperSion of contaminants Dependmg on the type
of test and the hydrogeologic conditions, other parame
ters, such as hydraulic conductIVIty, POroSity, chemical
dlstnbutlon coeffiCients, source of recharge, and age of
ground water can also be measured Any detectable
substance that can be Injected Into the subsurface and
travel In the vadose or saturated zone can serve as a
tracer Table 3-9 Identifies more than 60 substances that
have been reported or suggested as tracers In ground
water studies Any contaminant that IS detected In
ground water functions as a tracer, prOVided that the
onglnal source IS known

Table 3-9 groups tracers mto seven major categories
and prOVides some summary mformatlon on uses of
these groups of tracers for aqUifer characterization The
categories are (1) Ions and other water soluble com
pounds, (2) dyes, (3) gases, (4) stable Isotopes, (5)
radioactive Isotopes, (6) water temperature, and (7) par
ticulates (including spores, bacteria, and viruses) Dyes
and Ions are probably the most commonly used tracers
at contaminated sites Dye tracer tests are espeCially
valuable for characterizing fracture flow and flow In karst
limestone systems, where conventional well tests may
yield mlsleadmg results and ground water flow direc
tions tend to be unpredictable Tritium, released mto the
atmosphere dUring nuclear bomb testing In the 1950s,
serves as a useful tracer to Identify ground water that
has been recharged m the last 30 years or so

3.3.4 Other Techniques

Table 3-7 Identifies ten miscellaneous teChniques for
aqUifer characterization Plezometnc maps were cov
ered In detail In the prevIous chapter Numerous proce
dures have been developed for hydrologiC analySIS
based on the water balance or budget for an area A
Simple water balance equation IS as follows (Dunne and
Leopold, 1978)

aGWS = P - I - AET - OF - aSM - GWR (3-5)

where
aGWS =change In ground water storage

P =preCipitation
I =interception
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FIgure 3-12. Decision tree for selection of aquifer test methods
(ASTM, 1991)

AET = actual evapotranspiration
OF =overland flow

dSM =change rn soli mOisture
GWR =ground water outflow

Many vanants are possible The usual procedure IS to
formulate the equation with the parameter of Interest on
the left-hand Side and the other components that define
the hydrologic system of an area or aquifer of Interest
on the nght-hand Side Dunne and Leopold (1978) and
Brown et al (1983) are good sources for further Infor
matlQn on the water balance approach

The most useful application of the water balance ap
proach In relation to wellhead protection IS for estimation
of recharge In the zone of contnbutlon of a well The
Thornthwalte Water Balance method IS commonly used
for thiS purpose (Thornthwalte and Mather, 1955 and
1957) In an unconfrned aqUifer, changes In soli mOisture
profiles rn response to changes In the water table pro
Vide an alternative to pumping tests for measurement of
specdlc yield

The barometnc effiCiency of confined aqUifers, a meas
ure of the response of a confined aqUifer to changes In
atmosphenc pressure, IS berng Increasrngly used to es
timate aqUifer storage properties and transmissIvity
(Section 2 1 5 and Table 2-3) Table 3-7 also Identifies
some of the more commonly used borehole geophySical
logging methods for measurrng aqUifer parameters
These methods are used pnmanly for charactenzlng
aqUifer heterogeneity vertically within a single borehole
and laterally between boreholes Chapter 5 (Hydro
geologic Mapping) descnbes thiS process further

Table 3-8 Indox to References on Analytical Solutions for Pumping Test Data

Pump Test Conditions

Confined

Non-Ioaky, fully penetrating wells

Non-leaky, partially penetrating wells

l.8aky, fully penetrating wens

References

Constant Discharge Theis (19935), Cooper and Jacob (1946), Jacob (1950), Variable DIscharge
Abu-Zled and Scott (9163), Aron and Scott (1965), Hantush (1964), Lal et al (1973), Moench
(1971), Stallman (1962), Constant Drawdown Hantush (1964), Jacob and Lohman (1952),
Rushton and Rathod (1980), Unclassified Boulton and Streltsova (19na,b)*, Brutsaert and
Corapcloglu (1976), Moench and Prickett (1972), Papadopulos (1967)

Hantush (1964)

No Storage In Confining Bed Hantush and Jacob (1955), Storage In Confining Bed Hantush
(1960), Multiple Aquders Hantush (1967), Neuman and Witherspoon (1972), Unclassified
Corapcloglu (1976), Hantush (1956, 1959, 1964*), Jacob (1946), Lal and Su (1974)

Unconfined

Fully penetrating wells

Partially penetrating wells

MultJpla Aqulfors

Constant Discharge Boulton (19548, 1954b, 1963), Neuman (1972, 1973), Unclassified Boulton
and Streltsova (1978)*, Cooper and Jacob (1946), Jacob (1963), Neuman (1975)*, Prickett (1965)

Hantush (1962), Boulton and Streltsova (1976)*, Streltsova (1974*, 1976*)

Aral (1990a, 1990b), Bennet and Patton (1962), Hantush (1967), Javendal and Witherspoon
(1969), Neuman and Witherspoon (1969-confined, 1972-leaky)

Latorlll Boundary Ferris et al (1962), Lohman (1972), Stallman (1963)

• Analytlcal solutions for anisotropic aqUifer conditions See also Table 3-10
Source Categorles In first column taken from Driscoll (1986), subcategOries in the second column taken from ASTM (1991) Unclassified

references are Idenbfled In Driscoll (1986), but not ASTM (1991)
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Table 3-9 List of Major Ground Water Tracers

Natural Tracers

Stable Isotopes
Deuterium (2H)

Oxygen-18

Carbon-12

Carbon-13

Nltrogen-14

Nltrogen-15

Strontlum-88

Sulfur-32

Sulfur-34

Sulfur-36

RadIoactive Isotopes

Tntium flH)
Carbon-14

SllIcon-32

Chlonne-36
Argon-37

Argon-39

Krypton-81
Krypton-85

Bromlne-32

Radon-222

Gases

Fluorocarbons

Radioactive

Tntum

Sodlum-24

Chromium-51

Cobalt-58

Cobalt-60

Gold-198

lodme 131

Phosphorus-32

INJECTED TRACERS

Actlvable

Bromine-35

Indlum-39

Manganese-25

Lanthanum-57

Dysproslum-68

,
Inactive

IOnized Substances
Na+CI

K+CI

1I+ CI

Na+ I
K+Br

Dnft Matenal

Lycopodium spores

Bactena

Viruses
Fungi

Sawdust

Fluorescent Dyes

Optical brighteners
linopal 5Bm6x(FDA 22)

Direct Yellow 96

Fluorescem

ACid Yellow 7
RhodammeWT

EOSin (Acid Red 87)

Amldorhodamlne 6
(Acid Red 50)

PhysIcal CharactenstJcs

Water Temperature
Flood pulse
Gases
Helium
Argon

Neon

Krypton

Xenon

Source U S EPA (1993)

3.3.5 Measurement ofAnisotropy

Measurement of anisotropy requires determmatlOn of
the direction of maximum and mInimum hydraulic con
ductiVity In a homogenous, honzontally layered aquIfer,
the direction of minimum conductivity IS usually as
sumed to be In the vertical direction, and the maximum
In the honzontal directIon (Section 222) Fetter (1981)
suggests collecting undisturbed cores for measurement
of vertical hydraulic conductivity In the laboratory and
uSing slug tests, which pnmanly measure honzontal
conductiVity, In the test hole This procedure also re-

qUires installation of at least three wells to determine
accurately the onentation of eqUipotential lines

A number of other methods have been developed for
estlmatmg anisotropy In layered aqUifers usmg pumping
tests Most require a minimum of two or three observa
tIOn wells, In addition to a pumpmg well, to measure the
degree of departure from a circular cone of depresSion
that occurs In an IsotropiC aqUifer In fractured rock
aqUifers, anisotropy can occur m three directions With no
pnnClple axiS aligned m a vertical or honzontal direction
In this situation, vanous approaches have been devel-
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oped for measuring amsotropy usmg packer rests m
multiple holes The dipole flow test, recently descnbed
by Kabala (1993), IS a single hole, mult/-Ievel packer test
that measures dlstnbutton of honzontal and vertical hy
draulic conducttvlty and the specific storatlvlty when
applied to different bounded Intervals

Table 3-10 provides an Index to references where more
detailed Information on specific methods for measunng
anisotropy can be obtained Figure 5-3 m Chapter 5
Illustrates pumpmg test responses that serve as qualita
tIVe Indicators of amsotropy

3.4 Laboratory Measurements of Aquifer
Parameters

Laboratory measurements of the properties of aquifer
materials require the collect/on of undisturbed so/I cores
using thin-wall samplers for unconsolidated matenals or
rotating core samplers for rock Porosity can be calcu
lated if the dry bulk denSity of a known volume of soli or
rock and the average particle denSity are known (Damel
son and Sutherland) Vanous laboratory methods are
available for measunng saturated hydraulic conductivity
of soli cores Aleml et al (1986), ASTM (1968, 1990),
Cleveland et al (1992), Klute and Dirksen (1986)

A disadvantage of measunng aqUifer properties from
core samples Is that they sample a very small portion of
the aqUifer. Consequently, values for hydraulic conduc
tivity tend to be low compared to values measured In the
field, which mclude the effects of secondary porosity and
aquifer heterogene/tles (Bradbury and Muldoon, 1990,
Bryant and BodoCSI, 1987) On the other hand, labora-

tory measurement of multiple samples can prOVide valu
able mformatlon on the vertical and lateral vanability of
aqUifer properties ThiS informatIOn IS especially Impor
tant for constructing gnds for three-dimenSional aqUifer
modeling (Chapter 6)
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Table 3-10 Index to References on CharacteriZing Hydraulic Properties of Anisotropic and Fractured Rock AquIfers

TopIc References

Anisotropy

Genoral

Pump Test Methods·

Other Methods

Bear and Dagan (1965), Fetter (1981), Freeze (1975), L1akopoulos (1965), Maasland (1957a, 1957b), Marcus
(1962), Scheidegger (1954)

Cited byASTM Hantush (1961), PapadopOUlos (1965), Neuman (1975), Weeks (1964, 1969), Other Citations
Boulton and Streltsova (1976), Butler and Llu (1993), Dagan (1967), Hantush (1966a, 1966b), Hantush and
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(1982), Nelson (1985), Schmeillng and Ross (1989), Snow (1969), Tsang and Tsang (1987)

Pump Test Methods Cited byASTM Barenblatt et aI (1960), Boulton and Streltsova (19nb), Gnngarten and Ramey (1974), Moench
(1984), other Citations Boulton and Streltsova (19ns, 1978), ElkinS and Skov (1960), Gal (1982), Gringarten
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Andolesk (1992-azlmuthal reslsbVlty), Tsang (1992), Witherspoon et al (1987-selsmlc), Young and Waldrop
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• See also reference for pump test methods In fractured rock, which also characterize anll/otropy, when present
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C/Japter4
Simple Methods for Mapping Wellhead Protection Areas

This chapter describes a number of simple methods for
mapping wellhead protection areas (WHPAs) These
range from the very simple arbitrary fixed radius method
(Section 4 3 1), which requires only a map and a com
pass for inscribing a circle of the defined radius around
a well, to analytical methods that can be solved graphi
cally or with a hand calculator A microcomputer with a
spreadsheet program, although not reqUired, can
greatly facIlitate the use of these methods (Section
641)

Most o~ the methods covered In this chapter represent
adaptations of basIc ground water flow equations and
equations developed to analyze data collected from
pumping tests uSing one or more criteria 10r WHPAs
(Section 4 1) Section 4 2 briefly examines some basIc
ground water flow equations, and the remaining sec
tions describe fixed-radius and simplified shape meth
ods (Section 4 3) and simple analytical methods for
wellhead delineation (Sections 4 4 and 4 5)

4.1 Criteria for Delineation of Wellhead
Protection Areas

US EPA (1987) defined five criteria that may be used
Singly or In combination to define the area around a well
In which contaminatIOn could represent a threat to drink
Ing water drawn from the well (1) distance', (2) draw
down, (3) time of travel, (4) flow boundaries, and (5)
aSSimilative capacity These are descnbed briefly below
Section 4 2 2 examines interactions between areas de
fined by thresholds established under dlfferE'nt crltena

4.1.1 Distance

The distance crltenon uses a fixed radius or other di
mension from a well to delineate a WHPA A'3 discussed
In Section 4 3 1, thiS criterion usually IS based on some
kind of analySIS involVing the application of other criteria
to generalized hydrogeologic settings The approach IS
Simple and very inexpensive It IS only SUItable as a
preliminary step, because the criterion conSiders ground
water flow or contaminant processes only indirectly
Since the zone of contribution (Section 4 1 4) rarely IS
Circular, a fixed radiUS that proVides adequate protection
Will almost always Include areas for which protective
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actions are not reqUired Distance IS also the end
product of the application of other delineation crtterta

4.1.2 Drawdown

Drawdown occurs when water IS removed from an aqUi
fer by pumping The water level declines In the VICinity
of the well, creatmg a gradient that drives water toward
the discharge pOint The gradient becomes steeper
closer to the well, because the flow IS convergmg from
all directions and the area through which the water flows
gets smaller ThiS results In a cone ofdepress/on around
the well (Figure 4-1) The cone of depreSSion around a
well tapping an unconfined aqUifer IS relatively small
compared to that around a well m a confined system
The former may be a few tens to a few hundred feet In
diameter, while the latter may extend outward for miles

The zone ofmfluence (ZOI) IS the distance from the well
where changes In the ground water surface can be
measured or Inferred as a result of pumping (Figure
4-2) In a homogenous, porous aqUifer, the ZOI Will be
Circular In heterogenous porous and fractures aqUifers,
the ZOI typically has an elliptical or Irregular shape
Ground water velOCities Increase Within the cone of
depreSSion of a well, causing contammants to flow more
rapidly toward the well The drawdown criterion accu
rately defines areas requtrlng protection over the aqUifer
downgradlent from the well, but generally does not in
clude the zone of contrtbutlon upgradlent based on flow
boundaries (Figure 4-2 and Section 41 4)

4.1.3 Time of Travel (TOT)

The time of travel criterion requires delineation of /so
chrones (contours of equal time) on a map that Indicate
how long water or a contaminant Will take to reach a well
from a POint wlthm the zone of contribution (Section
4 1 4) The WHPA falls In the portion of the zone of
contrtbutlon that IS downgradlent from the selected ISO
chroma (say 50 years time of travel) ThiS area IS called
the zone of transport (ZOT) When the zone of contrtbu
tlon to a well IS large (I e , ground water from the farthest
parts may take hundreds or thousands of years to reach
the well), the ZOT Will defme a smaller area than the
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zone of contnbutlon cntenon (Figure 4-2) If the ZOC IS

small, the two will generally overlap

4.1.4 Flow Boundaries (Zone of Contribution)

The flow boundary cntenon uses mapping of ground
water divides and/or other phYSical and hydrologic fea
tures that control ground water flow to define the geo
graphic area contallllng ground water that flows toward
a pumping well (Figure 4-2) DeSignating thiS zone of
contnbutlon (ZOC) as the WHPA provides the maximum
amount of protection, although there are special cases
where the drawdown (zone of Influence) and time of
travel (zone of transport) cntena will cOincide with the
ZOC (Section 4 2 2)

4.1.5 Assimilative Capacity

The assimilative capacity cntenon allows the reduction
of a WHPA If contaminants are Immobilized or attenu
ated while moving through the vadose zone of the aqUi
fer so that concentrations are within acceptable limits by
the time they reach a pumping well ThiS may occur by
processes of dilution, disperSion, sorption, chemical pre
Cipitation, and biological degradation (Section 1 2) A
WHPA defined by thiS cntenon would Include the zone
of attenuation (ZOA)

ThiS cntenon can be used In several ways Incorporation
of an emplncal retardation factor for a specific contami
nant that represents the combined effects of attenuation
processes In the aqUifer Into time of travel calculations
would result in a shift of Isochrones closer to the well A
more complex application Involves establishing an ac
ceptable concentration of a contaminant at the well and
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uSing solute transport models to define the distance
required to avoid exceeding the target concentration
(Figure 4-3)

In practice, this IS an unrealistic approach because of
the difficulty of characterizing aquifer physical and
chemical properties for transport modeling of multiple
contaminants Where only one or two contaminants,
such as mtrate loadings from septic tanks or pesticide
loadings, are of primary concern, this approach may be
very useful

4.2 Overview of Wellhead Protel::tlon
Delineation Methods

4.2.1 Classification of Delineation Methods

Because the process of wellhead delineation typically
Involves the use of more than one of the criteria
discussed In the prevIous section, methods for wellhead
delineation are not readily classified Into distinctive
categories ThiS gUide classifIes WHPA delineation
methods Into four major groups of generally increasing
complexIty

1 Geometflc meth9ds that Involve the use of a
pre-determined fIXed radiUS and aquifer geometry

Without any special consideration of the flow system,
or the use of simplified shapes that have been
pre-calculated for a range of pumping and aquifer
conditions (Section 4 3)

2 Simple analytical methods that allow calculation of
distances for wellhead protection usmg equations
that can be solved uSing a hand calculator or
microcomputer spreadsheet program These
methods fall mto two major groups, which are often
used In combination time of travel calculations
(Section 44) and drawdown calculations (Section
45)

3 Hydrogeologic mappmg, which Involves Identification
of the zone of contribution (as defined by flow
boundaries) based on geomorphiC, geologiC,
hydrologiC, and hydrochemical charactenstlcs of an
aqUifer ThiS IS often used In combination With simple
analytical methods and IS usually reqUired when
uSing more complex analytical and numencal
computer flow and transport models Chapter 5
covers techniques for hydrogeologiC mapping

4 Computer modelmg methods, which Involve the use
of more complex analytical or numencal solutions to
ground water flow and contaminant transport
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C~>CI>C2

Whet.
Ca = Acceplahlt! concenlritlon al well
C. = ConcenUdltUIl of Suulce I ~I wen
C2 • ConCenlral'On of SOUlce 2 01 wen

LEGEND

Jl. W~ler T~ble

x

"1 Ie, le.
L-__-L.__--"' ~

"g 1000
lbl :!

;:
8=,,-
8§ 100

~.2
"~ 1O
;:
D
U

e.1
NOTE

.a Continuous contamlOition
l .......J from APOlOt saUfee plume

Figure 4·3 Conceptual illustration of WHPA delineation based on zone of attenuation (from U S EPA, 1987)
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processes. These methods can be broadly grouped
Into sImple and complex models, as discussed In
Chapter 6

This classIfication scheme IS generally similar to that
used In U S EPA (1987) with the following differences
(1) the arbitrary fixed radius, volumetnc flow equation,
and simplified shapes methods are all placed In the
geometric category, (2) calculated fixed radius IS
dropped as a category because the two examples given

fall Into separate categones (the volumetnc equation IS
geometnc, and the Vermont Department of Water Re
sources method IS a Simple analytical method uSing a
drawdown cntenon), (3) the numencal flow/transport
models category Includes more complex analytical mod
els that reqUire computer programs for solution

Table 4-1 summanzes the advantages and disadvan
tages and Identifies the type of threshold cntena used
for the three geometnc methods and the three other

Tabla 4-1 Comparison of Major Methods for Delineating Wellhead Protection Areas

MethodslCrlterla

Geometric Methods

Arbitrary Fixed Radius
(distance)

Cylinder Method (calcUlated
fixed radius)

SimplIfied Vanable Shapes
(TOT, flow boundaries)

Other Methods

Simple Analytlcal Methods
(TOT, drawdown, flow
boundaries)

Hydrogeologk: Mapping
(now boundaries)

Computer Seml-Analyllcal
and Numerical
F1ow1Transport Models
(TOT, drawdown, flow
boundaries)

Advantages

-Easily Implemented
-lnexpensIVe
-ReqUires minimal techmcal expertlse

-Easy to use
-Relallvely mexpenslve
-ReqUIres limited techmcal expertise
-Based on simple hydrogeologic prinCiples
-Only aqUifer parameter reqUired IS porosity
-Less susceptIble to legal challenge

-Easily Implemented once shapes of
standardized forms are calculated

-limited field data reqUired once standardized
forms are developed (pumping rate, aqUifer
material type and direction of ground water
flow)

-RelatIvely little techmcal expertise reqUired
for actual delineatIon

-Greater accuracy than calculated fixed radiUS
for only modest added cost

-More accurate than Simplified variable
shapes because based on site-specific
parameters

-Techmcal expertIse reqUired, but equations
are generally eaSily understood by most
hydrogeologists and CIVil engineers

-Vanous equations have been developed,
allOWing selectIon of solution that fits local
conditions

-Allows accurate characterization of
drawdown m the area closest to a pumping
well

-Cost of developmg Site-specifiC data can be
high

-Well SUited for unconfined aqUifers in
unconsolidated formatIons and to highly
amsotroplc aqUifers such as fracture bedrock
and condUit-flow karst

-Necessary to define aqUifer boundary
conditions

-Most accurate of all methods and can be
used for most complex hydrogeologic
settIngs, except where karst condUit flow
dominates

-Allows assessment of natural and
human-related affects on the ground water
system for evaluating management options
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Disadvantages

-Low hydrogeologiC precision
-Large threshold radiUS reqUired to compensate

for uncertainty Will generally result In
overprotection

-Highly vulnerable aqUifers may be underprotected
-Highly susceptible to legal challenge

-Tends to overprotect downgradient and
underprotect upgradlent because does not
account for zoe

-Inaccurate In heterogeneous and amsotropic
aqUifers

-Not appropriate for sloping potentiometric surface
or unconfined aqUifer

-Relatively extensive data on aqUifer parameters
reqUired to develop the standardized forms for a
particular area

-Inaccurate In heterogenous and amsotropic
aqUifers

-RelatIVely extensive data on aqUifer parameters
reqUired for input to analytical equations

-Most analytical models do not take Into account
hydrologiC boundaries, aqUifer heterogeneities,
and local recharge effects

-Less SUitable for deep, confmed aqUifers
-Requires speCial expertise In geomorphiC and

geologiC mappmg and judgement In
hydrogeologic Interpretations

-Moderate to high manpower and data collection
costs

-High degree of hydrogeologic and modeling
expertise reqUired

-Less SUitable than analytical methods for
assessmg drawdowns close to pumping wells

-Extensive aqUifer-speCifiC data reqUired
-Most expensive methods In terms of manpower

and data collection/analySIS costs



ZOI =ZOT

ZOI = zoe

ZOI <zoe

ZOI <ZOT

ZOI = area of drawdown or the cone of depression
around a well created by pumping

ZOT = area around a well defined by a time of
travel (TOl) Isochron and aqUifer boundaries
ZOTmax = ZOT defined by TOTmin Isochron or the
edge of the zoe, whichever IS closer to the well

zoe = portion of an aqUifer In which all recharge
and ground water flows toward a pumping well
The boundaries of the zoe are defined by ground
water dIVides and other aqUifer boundaries

ZOA = area around an aqUifer capable of redUCing
concentrations of a contaminant entenng the area
at a speCified maximum concentration level to less
than a defined acceptable concentration at the well

When distance to TOTmin Isochron (I e ZOTmax
boundary edge) lies outSide the cone of
depreSSion Most common Situation for unconfined
aqUifers

When distance to TOTmin Isochron = distance to
ZOI boundary edge

When TOTmin Isochron hes Within cone of
depreSSion for a well Unlikely to occur In
unconfined aqUifers, may occur In confined
aquifers with very large ZOI

When upgradlent ground water dIVide lies outside
cone of depreSSion The case In most
hydrogeologic settings

Rare May occur With flat water table, With high
recharge from ramfall Within ZOI Also pOSSible
when ZOI straddles a ground water diVide

Oannot occur

When distance to TOTmin Isochron < distance to
zoe boundary The most common Situation The
difference between the two zone decreases as the
TOT threshold cntenon Increases

ZOT = zoe When distance to TOTmin Isochron = distance to
zoe boundary

ZOI > zoe

ZOT < zoe

ZOI >ZOT

Zone of
Attenuation

Zone of
Travela

Zone of
eontnbutlon

Terms!
Relationship Description

Table 4-2 Relationships of WHPAs Based on Zone of
Influence, Time of Travel, Zone of Travel, Zone of
Contribution, and Zone of Attenuation

Zone of
Influence

4.2.2 Relationship of Protection An~as

Based on Different Criteria

major types of methods for delineating WHPAs (simple
analytical methods, hydrogeologic mapping, and com
puter modeling) With the minor dlfferencE~s descnbed
above, this table follows the sequence of methods cov
ered In US EPA (1987) Other Important general refer
ences on wellhead protection delineation methods
Include Everett (1992), Matthess et al (1985), and
Southern Water Authonty (1985) Important references
focusing on special geologic settings for WHPA deline
ation Include Kreltler and Senger (1991) for confined
aqUifers and Bradbury et al (1991) for fractured rock
aquifers

GUidance documents for WHPA delineation have been
developed by a number of states Most of these docu
ments use or elaborate on methods outlined In U S EPA
(1987) Baize and Gilkerson (1992-South Carolina),
Connecticut Department of EnVIronmental Protection
(1991a, 1991b), Heath (1991-North Carolina, also
used In Piedmont areas of South Carolina and Georgia),
illinoIs EnVIronmental Protection Agency (1990), Mary
land Department of the EnVironmental (1991), Muldoon
and Payton (1993-Wlsconsln), New Hampshire De
partment of EnVironmental Services (1991), Oregon De
partment of EnVironmental Quality (1991), Swanson
(1992-Qregon), Vermont Agency of EnVironmental
Conservation (1983), and Vermont Agency of Natural
Resources (1990)

In addition, all state submittals to the US EnViron
mental Protection Agency for approval of wellhead pro
tection programs contain a section describing WHPA
delineation methods to be used In the state Often these
documents contain state-specific cntena fOI the applica
tion of geometric methods (see examples In Section
43)

Table 4-2 provides summary definitions of types of well
head areas based on four of the five crltena for wellhead
protection (1) zone of Influence (ZOI), (2) zone of travel
(ZOT), (3) zone of contribution (ZOC), and (4) zone of
attenuation (ZOA) The first cntenon, a fl)ted distance
threshold, IS based on a qualitative or semiquantitative
application of one or more of these criteria Table 4-2
also defmes the hydrogeologic or other conditions re
qUired for one zone to be less than, equal to, or greater
than another zone, and prOVides an indication of how
commonly the relationship occurs In general the follow
mg relationships occur ZOA < ZOI < ZOT <: ZOC

4.3 Wellhead Delineation Using
Geometric Methods

Site-specific use of geometnc methods for wellhead
delineation requires no mathematical calculations (albl-

ZOT > zoe By definition, cannot occur However, In thiS
situation TOT IS less than TOTmin Indicating that
the well IS very vulnerable to contamination from
sources Within the zoe

ZOA < ZOT When aSSImilatIVe capacity IS > 0

ZOA = ZOT When contaminant IS not attenuated by the aqUifer

a Defined by time of travel cnterlon TOT = time of travel for ground
water or contaminants from a POint In an aqUifer to a pumping well
TOTmin = the minimum acceptable time of travel for purposes of
wellhead delineation TOT Isochron = a line from which TOT IS the
same at all POints to a pumping well

trary fixed radiUS and Simplified vanable shapes) or very
Simple volumetriC calculations based on pumping rate
and aqUifer porosity (cylinder method) The arbitrary
fixed radiUS and Simplified variable shape methods,
however, must be based on prior use of more SOphISti
cated analySIS of ground water flow In hydrogeologic
settings SImilar to the site at which the geometric
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method Is bemg used Figure 4-4 Illustrates these three
methods

4.3.2 Cylinder Method (CalCUlated Fixed
Radius)

The cylinder method uses a volumetric flow equation to
calculate a fixed radius around a well through which
water will flow at a speCified travel time (Figure 4-4b)
The radius, In effect, defines a Circular time of travel
Isochrone around the well, which, extended through the
aqUifer, dellmrts a cylinder with a pore volume equal to
the volume of water pumped during the specified period
The basic equation Is:

4.3.1 Arbitrary Fixed Radius

The arbitrary fixed radius method (Figure 4-4a) reqUires
only (1) a base map, (2) a defmed distance cntenon
based on a generalized application of time of travel or
drawdown crltena to aqUifers With similar characteristics
to the aqUifer to be protected, and (3) a compass to draw
a circle with a radius around the well(s) that equals the
distance criterion The method does not explicitly ac
count for site-specifiC condrtlons, except that some as
sessment of the applicability of the assumptions used m
developing the distance cntenon to the site IS reqUired
Table 4-1 summanzes advantages and disadvantages
or this method

Agures 4-5 through 4-7 illustrate applications of this
method. Figure 4-5 lIIustrates two graphs used m Mas
sachusetts to determme a protective radius based on
pumping rate The Zone 1 protective radius IS subject to
the most stringent protection measures and IS applied
to all wells (Figure 4-5a) The radius for interim wellhead
protectton (Figure 4-5b) IS used to delineate an outer
protective Zone II until the result of more accurate
WHPA delineation methods are available Figure 4-6
illustrates a graph for determmmg the radius of an outer
management zone based on pumpmg rate for crystalline
rock aqUifers In Georgia Figure 4-7 Illustrates a graph
for determining an iOltlal protective radius In stratified
dnft aquifers based on both pumpmg rate and transmis
sivity. Table 4-3 Illustrates a slightly different format for
this method The TheiS method (Section 4 5 3) was used
to calculate typical 2- and 5-year time of travel distances
at different pumping rates for the five major aquifer types
In Idaho. This table allows identification of an interim
protective radius until more accurate wellhead deline
ation methods can be used

(4-2)

(4-3)

r =Sqrt(QT/1tnH)

H =open Interval or length of well screen
r =radiUS of cylinder

SolVing for the radiUS, r, yields the equation

ThiS equation IS most appropriate for a highly confined
aqUifer With no vertical leakage from the overlying con
flnmg bed The FlOrida Department of EnVIronmental
RegUlation uses the volumetriC equation and a 5-year
time of travel criterion to defme Zone II of a WHPA (U S
EPA,1987)

The volumetriC flow equation IS not appropriate for un
confined aqUifers because the cone of depreSSion cre
ates an aqUifer geometry that IS not cylindrical and does
not take recharge mto account It also reqUires a negli
gible regional gradient «0 0005 or 0 001) Steeper gra
dients Will result In a zone of Influence that IS not Circular
(see Figure 4-2) Smce all water IS assumed to come
from the aqUifer, the volumetriC flow equation results In
overprotection of semlconflned aqUifers, because It
does not account for flow Into the aqUifer from vertical
leakage through the confining bed

If the vertical flow of water can be quantified byanalyz
109 pumping test data or uSing the variant of Darcy's Law
covered 10 Section 4 5 4, leakage can be mcorporated
Into the volumetriC equation as follows

where
Q a =volume of water pumped from the aqUifer
Q, =volume of water entering the aqUifer through

leakage

Smce both of these values depend upon the radiUS,
which IS the unknown, a trlal-and-error solution usmg a
computer spreadsheet IS probably the easiest way to
determme the radiUS at which the Qa + q equals the
pumping rate

4.3.3 Simplified Variable Shapes

The Simplified variable shapes approach IS really based
on a combmatlon of analytical solutions uSing time of
travel (Section 44) and drawdown equations (Section
4 5) Once the shapes are established, however, slte
speCifiC application of the method mvolves orlentmg and
draWing the shapes on a base map Without any mathe
matical calculations If aqUifer characteristics (porOSity,
hydraulic conductiVity) 10 an area are relatively uniform,
representative or standardized shapes for different lev
els of pump1ng are established uSing drawdown and
time of travel criteria If aqUifer characteristics vary In the
area in which the shapes are to be used, then different
combinations of aqUifer parameters and pumping rates

(4-1)Qt: n1tHr2

where:
Q == pumping rate of well
t == time of travel threshold
n == aqUifer porosity
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Figure 4-4 WHPA delineation usmg geometric methods (a) fixed radius (U S EPA, 1991), (b) cylinder method, (c) simplified shapes
(U S EPA,1987)
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(b)

FIgure 4-5 Fixed radius for wellhead protectIon In Massachusetts based on pumpIng rate (a) Zone 1 protective radiUS, (b) protective
radius for Zone II Interim wellhead protection area (Pierce, 1992)
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about a well to determine which shape "fItS," and (2)
knowledge of the general direction of natural ground
water flow to onent the shape If It has any asymmetry
Figure 4-4c Illustrates thiS process Table 4-1 Identifies
relative advantages and disadvantages of thiS method
Figure 4-8 Illustrates shapes used In New Jersey for
delineation of Intenm WHPAs In the three major types of
aqUIfers found In that state

4.4 WHPA Delineation Using Simple
Analytical Methods: Time of Travel
(TOT)
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Figure 4-7 Imtlal setback distance for level B mapping of
stratified drIft aquifers based on pumping rate and
transmissIvity (Connecticut Department of Environ
mental Protection, 1991b)

Dozens of analytical equations have been developed to
solve ground water flow problems The reason for the
large number IS that different hydrogeologic settings and
well configurations require modifications of basIc ground
water flow equations (Darcy's Law and the equation of
continUIty) to account for aqUIfer boundary conditions
and other conditions, such as partial rather than full
penetration of an aqUifer by a well Any ground water
flow equation can be reformulated to solve for distance
at a speCified travel time The Important thing IS to
choose an equation With assumptions appropnate for
the well and aqUifer In question ThiS IS discussed further
In Section 45

Many analytical equations descnblng ground water flow
can be solved With a hand calculator or by uSing a
microcomputer spreadsheet program (Section 6 4 1)
ThiS section focuses on time of travel equations that
have been reported In the wellhead protection literature
that do not reqUire speCial programming ability or off
the-shelf software packages Section 6 4 2 discusses In

more detail relatively easy-to-use computer software
programs that allow more computationally complex ana
lytical and semlanalytlcal solutions to g~(}und water flow
problems WithOUt the extensive data and speCialized
knowledge reqUired for numencal modeling With com
puters

The equations covered here do not conSIder hydro
dynamiC disperSion (Section 1 2 2) or contaminant
retardation processes (Sections 1 3 and 4 1 5) In
homogeneous aqUifers With no secondary POroSity, re
tardation processes for most contaminants tend to be
more slgmflcant than disperSion In thiS Situation, time
of travel calculations Will generally be overprotective
Where contaminants are not subject to attenuation (for
example, chlondes and mtrates) and where faCIlitated
transport IS occurring (Section 1 2 4), time of travel cal
culations should provide a reasonably accurate deline
ation of the area at nsk

On the other hand, time of travel calculations for
homogenous aqUifers With slgmflcant secondary poros
Ity and heterogeneous aquifers, may Significantly
underprotect wellhead areas, because hydrodynamic

Radius of outer management zone based on pump
ing rate for crystalline rock aqulfer~" Piedmont and
Blue Ridge (Georgia Department of Natural Re
sources, 1992, based on Heath, 1991)
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Figure 4-6

are tested to determine a large set of shapes Hundreds
of calculations may be reqUIred to establish ''typical''
shapes for different aqUIfer charactenstlcs and pumping
rates

This method requires that the necessalY preliminary
work to define shapes has been completed Delineation
of a WHPA then only reqUIres (1) enough information
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Tabla 4-3 calculated Fixed Radii for Major AqUifers in Idaho (Idaho Wellhead Protection Work Group, 1992)

E. SNAKE RIVER PLAIN BASALTS
PUMP RATE SOGPM 100GPM 500GPM 1000GPM 2000GPM 3000GPM 4000GPM 5000GPM 6000GPM 7000GPM
2 YEAR TOT 1800' 1800' 2000' 2300 2700' 3'00' 3500' 3900 4200' 4600'
6 YEAR TOT 4400' 4400' 4700' 5000' 5600' 6000' 6500' 6900' 7300' 7700'

COLUMBIA RIVER BASALTS
PUMP RATE SOGPM 100GPM 500GPM 1000GPM 2000GPM 3000GPM 4000GPM 5000GPM 6000GPM 7000GPM
2 YEAR TOT 300' 400' 900' 1300' 2200' 2900' 3700' 4500' 5300' fQOO'
5 YEAR TOT 400' 600' 1300' 2000' 2900' 3100' 4600' 5400' 6200' 7000'

UNCONSOLIDATED ALLUVIUM
PUMP RATE SOGPM 100GPM 500GPM 1000GPM 2000GPM 3000GPM 4000GPM 5000GPM 6000GPM 7000GPM
2 YEAR TOT 6500' 6600' 7100' 7700' 8800' 10000' 11000 1:>000 13000' 14000'
tiYEARTOT 16000' 16000' 17000' 10000' 1llOOO' 20000' 21000' 22000' 23000' 24000'

MIXED VOLCANICs/SEDIMENTARY ROCKS - PRIMARILY SEDIMENTARY ROCKS
PUMP RATE SOGPM 100GPM 500GPM 1000GPM 2000GPM 3000GPM 4000GPM 5000GPM 6000GPM 7000GPM
2 YEAR TOT 200' 200' 400' 600 900' 1000' 1300' 1600' 1BOO' 2000'
6 YEAR TOT 300' 400' 700' 1000' 1300' 1700 1900' 2200 2500' 2700'

MIXED VOlCANICS/SEDIMENTARY ROCKS - PRIMARILY VOLCANICS AND SEDIMENTARY ROCKS
PUMP RATE SOGPM 100GPM SOOGPM 1000GPM 2000GPM 300Cl~PM ~~ GPM 5OO0GPM 6000GPM 7000GPM
2 YEAR TOT 3200' 3300' 3400' 3600 3900' 4200 4500 4800 5000' 5400'
l!iYEARTOT 8200' 8200' 8400' 8600 1000 1300' 1100 '0000' 10000' 11000'

GPM • GaKona pee minute TOT. TIme of Travel

where
t =speCified tIme of travel

d = distance

Or the dIstance to time of travel contours IS calculated
as follows

ThIS equation IS most eaSily used when a potentiometric
map of the aqUifer IS available for measuring hydraulic
gradients For prellmmary calculations, K and n can be
estimated (Chapter 3) Once average velOCity IS known,
the time of travel over a given distance can be easily
calculated

dispersion tends to be more significant than retardation
in such aquifers Hydrodynamic disperSion IS significant
in these aqUifers for several reasons (1) highly perme
able porous zones and fracture/condUit flow result In

localized velOCities that are significantly higher than the
average ground water velOCity, (2) retardation proc
esses are reduced In permeable zones (gravels, sands,
fractures, conduits) because permeable aquifer materi
als tend to be less geochemlcally reactive For example,
the cation exchange capaCity (CEC) of a sandy perme
able zone In an aqUifer will be Significantly lower than
the CEe of less permeable fine-grained sediments It IS
necessary to choose hlgher-than-measured hydraulic
condUctIVIty values or use values In the upper range of
simllar aqUifer materials (Section 3 2 2) when the poten
tial for hydrodynamiC disperSion IS high

t = dlv = dn/KI

d =Vt=tKl/n

(4-5)

(4-6)

4.4.1 TOT Using Darcy's Law and Flow Net

The simplest equation for calculating time of travel IS the
form of Darcy's law that deSCribes average linear veloc
Ity:

v=Kl/n

where'
v = average interstItlal (linear) velOCity
K = honzontal hydraulic conductIVIty
I honzontal hydraulic gradient

n poroSity

(4-4)
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where
d =the upgradlent distance from the well to the TOT

Ime
V =average linear velOCIty (Equation 4-4)
t =speCified time of travel

Sidebar 4-1 Illustrates use of these equations ThiS
equation IS most applicable to the follOWing situations

• To calculate time of travel In a highly confined aqUifer
With a nearly flat potentiometric surface (gradient of
<00005 to 0001)

• To calculate time of travel In an unconfined aqUifer
With a nearly flat water table and With drawdown that
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Figure 4-8. Interim wellhead protection areas In New Jersey using simplified variable shapes (New Jersey Department of Environ
mental Protection and Energy, 1991)
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Sidebar 4-1.
Example Velocity and Time of Travel

Calculations

Interstitial velocity can be estimated by the folloWIng
equation

v:=KVn

where
K := hydraulic conductivity
I := hydraulic gradient
v:= average velocity, In ftld
n := effective porosity

11me of travel can be calculated from the velocity us
log the distance between the points for which the gra
dlant is calculated

t= dJvl365
where

t =tIme of travel In years
d := distance In feet

The following example Involves a spIll of a conserva
tive substance such as chlonde The liqUid waste Infil
trates through the unsaturated zone and quickly
reaches a water table aquIfer that oonslsts of sand
and gravel with a hydraulic conductIVIty of 2,000
gpdlft2 and an effective porosIty of 0 20 The water
lavelln a well at the spill lies at an altitude of 1,525
feet and, at a well a mile directly downgradlent, Is at
1,515 feet The velocIty of the water and the contamI
nant, and the time it wIll take for the chlonde to con
taminate the second well, can be determined by the
following equations

v:= (2,000 gpdlff) x (1°ftl5,280 ft)/20 =
189 gPdJP =25 ftld*

t..: 5,280 ft/2 5 ftld =2,112 days or 58 yr

Rearranging the time of travel equation alloWS calCUla
tion of a fixed radIUS for a wellhead protection area
based on a time of travel threshold cnterion

d..:365tv

In the above example, a threshold of 10 years would
result In an upgradient distance of 9,125 feet

• 1 Wd ... 748 gpdlW

is small compared to the aqUifer or screened Interval
(<10 percent)

• To calculate time of travel of a contaminant from a
point source to a downgradlent POint of Interest, If the
equipotential lines are approximately equally spaced
between the two POints (I e , the aqUifer IS homoge-
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neous) Somewhat mOle complex methods are re
qUired for wells With steep gradients In the cone of
depreSSion and wells In areas where there IS a slop
Ing regional water table (Sections 4 4 2 and 4 4 3)

Equation 4 In Table 4-4 can be used to calculate velOCity
Induced by a pumping well With a Circular cone of
depreSSion

4.4.2 Cone of DepressionflOT (Flat Regional
Hydraulic Gradient)

Steep hydraulic gradients may eXist In the VICinity of a
pumping well If thiS IS the case, the changes In gradient
over relatively short distances must be conSidered when
uSing Equation 4-5 In confined aqUifers especially, the
cone of depression may create a surface of continually
steepemng gradients for a distance of miles from the
well In thiS Situation, Kreltler and Senger (1991) recom
mend calculating the tIme of travel for various incre
mental distances from the well (e g , 0 to 10ft, 10 to 100
ft, 100 to 1,000 ft, etc) uSing the hydraulic gradient for
each Increment (values for nand K remain the same for
each calculation) The total time of travel to a given POint
IS the sum of the times of travel of each Increment
Intermediate times of travel can be estimated graphi
cally by plotting log of time of travel versus the log of
distance, which should be an approximately linear rela
tionship Alternatively, the dIstance between Increments
can be adjusted until the sum of the Incremental TOTs
equals the target TOT

Equation 10 In Table 4-4 (which IS essentially the same
as Equation 4-5) can be used for these calculations
ThiS method reqUires reasonably accurate measure
ment or estimation of the geometry of the cone of
depreSSion

4.4.3 TOT With Sloping Regional
Potentiometric Surface

The cone of depreSSion of a pumping well IS asymmetric
when there IS a slgmflcant slope With drawdown extend
Ing farther upgradlent than downgradlent Equations 5
and 6 In Table 4-4 can be used to calculate pumping
Induced velOCities In thiS situation Two Similar time of
travel equations are available for thiS Situation Kreltler
and Sen~\>r (1991) give the follOWing equation, modified
from Bear and Jacob (1965)

tx =n/KI [rx - (Ql21tKbl)ln{1 + (21tKbI/Q)r,Jl (4-7)

where
tx =travel time from POint x to a pumping well
n =POroSity
rx =distance over which ground water travels In Tx,

rx IS positive (+) If the POint IS upgradlent, and
negative (-) IS downgradlent



Table 4-4 Drawdown and Capture-Zone Geometry Equations (from Pekas, 1992)

DRAWDO'oIN CALCULATIONS - CONFINED AQUIFER (SectIon 453)

(la) TheoretIcal Drawdown dhe = 192 5 9 W(u)
4 PI K b

(lb) u= Sc R
4 K b t

(2) PumpIng Well Orawdown dne
2 3 Q log 2 25 K b t
4 Pi K b r} Sc

CRAWDOWN CALCULATIONS - UNCONFINED AQUI~ER

Huntoon (1980)

Huntoon (1980)

Javandel ~ Tsang (1986)

(3) ApprOXImate Drawdown dI1. = (2 b + [(2 b)' - (4 1 2 b dh~
2

Walton (1962, 1967)

GROUND-WATER FLOW VELOCITY CALCULATIONS (SectIOns 44 1 and 443)

(4) VelOCIty from PumpIng

NET VELOCITY
(5) Upgradlent from PW

(6) Oowngradlent from PW

v. =-::-~Q~
2 Pi R b n.

v... =V. + ...f....L
n.

v... =V. - L.L.
n.

Keely &Tsang (1983)

Keely &Tsang (1983)

Keely &Tsang (1983)

GROUND-VATER DIVIDE CALCULATIONS (SectIOn 45 1)

(7) DIstance to StagnatIon SP = Q

2 PI K b I

(8) DIvIde at PumpIng Well Y...
Q

2 K b I

(9) DIvIde at Upgradlent Yd ug =--It-
K b I

GROUND-WATER CAPTURE/TRAVEL TIME CALCUU.TIONS (SectIon 442)

Javandel &Tsang (1986)

Javandel &Tsang (1986)

Javandel &Tsang (1986)

(10) Capture/Travel Time

WHERE

te. =...!L!lo-.
K 1.

McLane (1990)

Q

P,
K
b
t
r.
Se
R
n.

DIscharge or pumpIng rate (gpm)
" 3 14159
= HydraulIc ConductIVIty (ft/ddy)

Saturated Thickness (ft)
" DuratIon of pumpIng (days)

RadIUS of pumpIng well (ft)
" Storage CoeffiCIent/SpecIfic YIeld (NO)

RadIal dIstance from pumpIng well (ft)
EffectIve porosIty (DeCImal)
HydraulIc gradIent of statIc aqUIfer (ft/ft)
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dh.
dh.

V.
V ..
V ..

SP
y...
Y•••

I.

t ..

" Drawdown - confIned (ft)
ApprOXImate Drawdown - unconfIned (~t)

PumpIng Induced velOCIty (ft/day)
= Net velOCIty upgradlent of well (ft/day)

Net velOCIty downgradlent of well (ft/day)
" DIStance downgradlent to stagnatIon pOInt (ft)

GW diVIde at pumpIng well (ft)
" GW dIVIde upgradlent from pumpIng well (ft)
" PumpIng induced hydraulIc gradIent (ft/ft)
" Capture/Travel tIme for pumpIng well (days)



DetermIning flow from one aqUIfer to another via a con
fining Unit uses a slightly modIfIed form of Darcy'S Law

Any equations that use dIscharge from a well (Section
4 5) can take Into account InteraqUifer leakage, prOVided
that the amount of the leakage can also be calculated
A trlal-and-error approach sImilar to that dIscussed In
SectIon 4 4 3 IS requIred to determine the area In which
the volume of water from the aqUifer and the volume of
water from leakage equals the volume of water pumped
from a well

o := discharge
K = hydraulic conductIvIty
b := aqUifer thIckness
I = hydraulic gradIent

In southern England the simplified vanable shapes
method Is used (see Section 433) employing the Uni
form flow equation (Section 4 5 1) and the following tIme
of travel equation (Southern Water Authonty, 1985)

tx=S/V[±(rx - rw) +Zln{(Z ± rw)/(Z ± rx)}] (4-8)

where: Z = Q/2n:Kbl 01 =(Kvlm)AH (4-9)

and other factors not defIned above are
v:= velOCity (see Eq 4-4)
S := specific yield or storatlvlty
rw := well radiUS

The plus or minus sign indicates a pOInt upgradlent and
downgradlent, respectively

Calculation of dIstance for a specifiC travel time requIres
trial-and-error calculations uSing different values for diS
tances unbl the equabon Yields the deSIred travel time
This can easily be done usmg a spreadsheet on a
microcomputer

The main weaknesses of these equations are (1) they
only provide distance for travel times along a line
through the pumping well that IS parallel to the regional
hydraulic gradient (I e, one POint upgradlent and one
point downgradlent), and (2) they do not take Into ac
count recharge from the surface In unconfined aquIfers
or vertical leakage Into semlconflned aquIfers Where
eqUipotential lines on a potentlometnc map are not
straight lines, this would be the shortest flow line up- and
downgradient. To define a wellhead protectIon area,
these equations must be used In combination With the
uniform flow equatIon (SectIon 4 5 1)

Kreltler and Senger (1991) recommend pathllne tracing
models such as WHPA and GWPATH (Section 64 3) as
the best method for calculatmg tIme of travel for confined
aquifers With regionally sloping potentlOmetnc surfaces,
because they are able to actually define TOT contours

4.4.4 Interaquifer Flow and Time of Travel

The presence of a second aqUifer separated by confin
ing strata above or below a pumping well reqUIres con
siderabon of whether to Incorporate Interaqulfer leakage
into calculations for delineating a wellhead protectIon
area. Most of the simple methods for delineating well
head protection areas assume that all of the water en
tering the well comes from the aquifer In whIch the well
Is completed. If there is sIgnifIcant leakage, thIS assump
tion results in a WHPA that IS larger than reqUIred for
any given time of travel threshold
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where
q =quantity of leakage, In gpd
Kv =vertIcal hydraUlic conductivity of the conflOlng

Unit, In gpd/ff
m =thickness of the confining Unit, In ft
A =cross-sectIonal area, In ff
H =difference In head between the two wells

FIgure 4-9 Illustrates two aquifers separated by a layer
of SIlt The Silty confining Unit IS 10 feet thick and has a
hydraulic conductiVIty of 2 gpd/ff The difference In
water level between wells tapping the upper and lower
aqUIfers IS 15 feet Assuming these hydrogeologIC con
dItions eXist In an area of 1 square mIle, the dally quan
tity leaking from the shallower aquifer to the deeper one
Within the area IS

Q 1=(2 gpdlff/10 ft) X(5,280 ft)2 X15 ft =83,635,200 gpd

- - .........-.,...---...,..-
00 0 .0. O. o.t!.6e

Aquifer .o.~, .0' ......
, • n" '.'0 •...'.

Confining Bed - - - - -.... - -}
- - - - - 10'pt = 2 gpd/ft2 _ _ _ _ :-. _ _

0.'00," I. '0 (I

Aquifer 0": 0'·0 D:' " '. "
0, •• ,' •• 0 0 ."0_.

Ar.. of leakage '" 1 /1111

P' • 2gpd/ftl

m' '" 10ft
~h '" 15ft

P'
Q", PIA - mrMh

Q - i% x 15280 x 52801 x 15 - 83.635.200 gpd

Figure 4-9 Using Darcy's Law to calculate the quantity of leak
age from one aqUifer to another



Any other TOT threshold can be substituted for 40 m the
equation

This calculatIOn clearly shows that the quantity of leak
age, either upward or downward, can be highly signifi
cant even If the hydraulic conductivity of the conflnmg
umt IS small

Kreltler and Senger (1991) propose usmg the time of
travel across a conflmng layer as one of several criteria
for dlfferentlatmg semlconfmed from hIghly confmed
aqUifers Vertical time of travel across a confmmg layers
IS

where factors not defined above are
tv = vertical time of travel (years) across the

confining layer
n = porosity
x = travel distance across confmmg strata

(generally equal to the thickness, m)

The required Information comes from well log mterpr e
tatlon and pumpmg tests of the well or well field

Kreltler and Senger (1991) recommend a 4Q-year time
oftravel to differentiate semlconfmed (<years) from con
fmed aquifers (>40 years) Rearrangmg the ~lbove equa
tion allows determination of the vertical permeability
required to separate a semlconflned from a confmed
aqUifer

(4-13)

(4-14)

(4-12)

y,=±0I2KbI

XI =-Q/21tKbl

-y/x =tan[(21tKbl/Q)y]

and

where x and yare coordmates and other factors are as
defIned earlier The zone of contnbutlon IS defined usmg
two equations derived from the above equation

the surface of the cone of depreSSIon does not represent
an actual flow, as m an unconfined aqUifer (I e , radial
flow to the well IS honzontal throughout the vertical
sectIon of the well, rather than havmg a vertIcal compo
nent when It reaches the cone of depreSSion) Exact
analytical solutIons to radIal flow to an unconfined aqUi
fer are not pOSSible, so slmpllfymg assumptions that do
not completely reflect unconfmed flow conditIons are
reqUired (Todd, 1980) The slmpllfymg assumptions gen
erally do not create problems for estlmatmg discharge
from a well, but become problematiC In trying to defme
the radIUS of the cone of depreSSion for purposes of
WHPA delineation

Before selectmg an analytical equation to charactenze
the zone of Influence (cone of depreSSion) of an aqUifer,
the charactenstlcs of the aqUifer and well must be known
or approximately known In order to select an equation
whose assumptions and boundary conditions are appro
priate for the site Checklist 4-1 prOVides a checklist of
key well and aqUIfer charactenstlcs that may affect the
appropriateness of a given analytIcal equatron ThiS sec
tIOn focuses only on analytical equations for radial flow
to a pumpmg well Chapter 6 addresses conSiderations
related to modeling of ground water flow In one, two, and
three dimenSions Only the most Widely used analytical
methods are descnbed here

These define the downgradlent flow boundary (nUll
POint) and the maximum Width of the upgradlent zone of
contnbutlon, respectIvely (FIgure 4-10) Equation 9 m
Table 4-4 can be used to calculate the dIstance to the
edge of the cone of depreSSion upgradlent Upgradient

4.5.1 Uniform Flow Equation (Sloping
GradIent)

The Uniform flow equatIon has been Widely used for the
delineation of wellhead protection areas where a sloping
water table results In an asymmetncal cone of depres
sion (U S EPA, 1987, Kreltler and Senger, 1991, New
HampshIre Department of EnVIronmental Services,
1991) The general equation for the boundary of the
region prodUCing Inflow to a pumpmg well, developed by
the German Forchhelmer m 1930, IS as follows (Todd,
1980)

(4-11)

(4-10)

Kv=nmx/40H

4.5 WHPA Delineation USing Simple
Analytical Methods: Drawdown

By defmltlon, wellhead protectIon areas are' delineated
around pumpIng wells, which Will create a cone of de
pression Gradients within the cone of depreSSion are
steeper than the local or regIonal hydraulic gradient,
causmg ground water to flow more rapIdly there Any
analytical method for analyzmg the drawdown and flow
of ground water In the VICInity of a pumping well has
potential value for WHPA delineatIOn prOVided that the
well deSign and aqUifer conditions do not violate the
assumptions and boundary conditions upon whIch the
equation IS based Most analytical methods focusmg on
ground water flow to pumpmg wells have been devel
oped to measure aquifer properties such as hydraulic
conductivity, speCifiC Yield, and storatlvlty The same
equations, however, can be rearranged to solve for diS
tance to a speCifiC drawdown cntenon usmg measured
or estimated values for other aqUifer parameters for
WHPA delineatIOn

Analytical solutions to ground water flow problems are
most eaSily developed for confmed aqUIfers, because
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4.5.2 Thiem Equilibrium Equation

The radial distance to zero drawdown for a pumping well
that has reached eqUlllbnum (determined at the POint at
which pumping at a constant rate does not result In

further declines In water levels In mOnltonng wells adJa
cent to the pumping well) can be estimated With the
Thiem equation (Thiem, 1906) Kreltler and Senger
(1991) present the equation In thiS form for calCUlating
distance to a speCified drawdown cntenon

The Uniform flow equation applies to highly confined
aquifers It does not account for leakage, and so Will
define larger WHPAs than are necessary If TOT cntena
are used As discussed In Section 4 4 4, It may be
pOSSible to account for leakage, although In thiS SitU
ation, the nonclrcular shape of the cone of depreSSion
would make thiS more difficult ThiS equation can also
be used for unconfined aqUifers, uSing the saturated
thickness of the aqUifer, prOVided that drawdown IS
small (less than 10 percent) In relation to the saturated
thickness

where
s = drawdown from onglnal potentlometnc surface

(threshold cnterlon)
Q =discharge
K = hydraulic conductiVity
b =aqUifer thickness
r =radial distance at POint of drawdown observation

re = radial distance of zero drawdown of cone of
depreSSion

Assumptions for thiS equation are fairly restnctlve (1)
the aqUifer IS homogeneous and Isotroplc,1 (2) the aqUi
fer has infinite areal extent (I e , there are no boundary
conditions that affect flow Within the cone of depreSSion),
(3) the well penetrates the entire aqUifer, (4) the regional
water table IS nearly flat

Checklist 4·1 Aquifer Characteristics for the
Selection of Analytical Solutions to
Ground Water Flow in the Vicinity of

Wells

Aquifer 7}tpe
_ Water table/unconfined
_ Confined, leaky

_ Confined, non-leaky

Roglonal Hydraullc Gradient
_ <0 0005 (nearly flat)

_ 0 0005 to 0 001 (transllional)

_ >0 001 (sloping)

Number ofAqurfers
_One
_Two
_ More than two

Well Penetration
_ Fully penetrating well

_ Partially penetrating well

Aquifer Properbes
_ Porous media

_ Fracture floW'

_ Karst conduit flow
_ Isotropic

_ Anisotropic
_ Homogeneous hydraulic parameters
_ Heterogeneous hydraulic parameters'

RoW ChsracterlD/menslon
_ Steady-state
_ Transient
_ Radial

_X
_X-y
_ X-Y·Z
• Analytical solutions are not able to handle fracture flow or
heterogeneous aqUifer properties In this Situation,
maximum measured or estimated aquifer parameters such
as porosity and hydraUlic conductIVity should be used to
aocount for reduced time of travel resultmg from fracture

s =[Q/2nKb]log e re Ir (4-15)

from the well one or more zones can be delimited for
wellhead protection

1. USing the upgradlent boundary of the cone of
depreSSion

2. Delineating the entire upgradlent zone of contnbutlon
using ± YI as the Width at the upgradlent limit of the
cone of depreSSion and uSing a potentlometnc map
to extend the flow lines to a ground water divide or
other aquifer boundary (see Figure 6-5a)

3. Alternatively, uSing either of the time of travel
equations discussed In Section 4 4 to draw an
approximate TOT contour
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4.5.3 Nonequilibrium Equations

A disadvantage of uSing the Thiem equation when con
ducting pumping tests IS that a long penod of pumping
may be reqUired to reach eqUlllbnum A number of non
eqUlllbnum equations have been developed to measure
aqUifer parameters based on changes In drawdown In
the pumping and monltonng wells as a function of time
For example, the TheiS noneqUlllbnum equation (TheiS,
1935) has been used by the Vermont Department of

1 AqUifers With secondary porOSity, such as limestone and sandstone,
may exhibit homogeneous charactenstlcs If suffiCiently large volumes
are conSidered Consequently, pumping tests m rock aqUifers may
Yield good results The measured aqUifer properties, however, are
only average values and tend to underestimate the potential for
contaminant transport



Ground water divide~---.,
/Not to scale

t
b

~

Confined aquifer

<.... ::-.:- .... ::...; ~

Impermeable

Impermeable.. ~........ ..

+
Ori~inal

potentiometric
surface

Q Ground surface

, ,_1-
'-_I.-

-I.--- -
Not to scale

(a)

Uniform-flow equation

Distance to down
gradient null point

Boundary limit

_:1- u tan 121tKbl y\
'X '\ Q ~

Q
XL U - 21tKbl

Q
YL U ±"2Kbi"

Where a • Well-pumping rate
K • Hydraulic conductivity
b • Saturated thickness
I • Hydrauhc gradient
1t.31416

Figure 4-10 Flow to a well penetrating a confln(!d aquifer having a sloping potentiometric surface (a) vertical section, (b) plan view
(adapted from Todd, 1980)

Water Resources (1985) to calculate the radiUS of the ,
primary zone of protection

where
T =aqUifer transmissIvity (Kb)
t =time to reach steady state

S =storatlVlty or specific Yield of aqUifer

and u IS a dimensionless parameter related to the well
function

where
s =drawdown at the maximum radiUS of influencE'

Q =pumping rate

To calculate the radiUS, the well function IS calculated
uSing Equation 4-17 and U IS obtained from Table 4-5
Table 4-4 contains some other Simple drawdown equa
tions for a confined aqUifer (Equations 1a, 1band 3) and
an approximate drawdown equation for an unconfined
aqUifer (Equation 3)

Any standard hydrogeology text proVides examples and
tables for use of noneqUlllbnum methods The assump
tions underlYing these equations are somewhat more

restnctlve than the Thiem equation (1) the aqUifer IS
homogeneous and IsotropIC, (2) the aqUifer IS of Infimte
areal extent, (3) the well penetrates the entire aqUifer,
(4) the well dIameter IS InfiniteSimal, (5) the water re
moved for storage IS discharged Instantaneously With
decline of head, (6) the regional water table IS nearly flat
Nonequlhbnum equations were developed for confined
aqUifers

(4-18)r =sqrt[(Q/K)1t]

where
r =radiUS In feet

Q =amount pumped In fis/day
K =hydraulic conductIvity In ftlday

4.5.4 Vermont Leakage and Infiltration
Methods for Bedrock Wells Receiving
Recharge From Unconsolidated
Overburden

The Vermont Agency of Environmental Conservation
(1983) has developed several Simple equations for cal
culating the radiUS of pnmary concern for wellhead pro
tection where fractures In bedrock wells receive
recharge from unconsolidated overburden Where the
bedrock well receives recharge from saturated overbur
den throughout the year, the leakage equation IS used

(4-16)

(4-17)W(u) =41tTs/Q

r =sqrt(u4TtlS)
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Table 4-5. Values of the Function W(u) for Various Values of u for Theis Nonequlllbrium Equation (ddapted by Fetter, 1980, from
Wenzel, 1942)

u W(u) u W(lI) u W(u) u W(u)

1 x 10-10 2245 7 x 10-11 1590 4 x 10-~ 955 1 x 10-~ 404
2 2176 8 1576 5 933 2 335
3 2135 9 1565 6 914 3 296
4 2106 1 x 10-7 1554 7 899 4 268
5 2084 2 1485 8 886 5 247
6 2066 3 1444 9 874 6 230
7 2050 4 1415 1 x 10-4 863 7 215
8 2037 5 13 93 2 794 8 203
9 2025 6 13 75 3 753 9 192
1 x 10-9 2015 7 13 60 4 725 1 x 10-1 1823
2 1945 8 1346 5 702 2 1223
~ 1905 9 13 34 6 684 3 0906
4 1876 1 x 10-6 13 24 7 669 4 0702
5 1854 2 1255 8 655 5 0560
6 1835 3 1214 9 644 6 0454
7 1820 4 11 85 1 x 10-3 633 7 0374
8 1807 5 1163 2 564 8 0311
9 1795 6 11 45 3 523 9 0260
1 x 10-8 1784 7 11 29 4 495 1 x 100 0219
2 1715 8 11 16 5 473 2 0049
3 ~6 74 9 11 04 6 454 3 0013
4 1646 1 x 10-5 1094 7 439 4 0004
5 1623 2 1024 8 426 5 0001
6 1605 3 984 9 414

4.5.5 Equations for Special Situations

A variety of solutions to the baSIC noneqUlhbnum equa
tion have been denved for speCial aqUifer and pumpmg
conditions These speCIal SItuations mclude

This equation was denved by us109 Darcy's Law (Equa
tion 3-2) to solve for area of vertical leakage by assum
Ing a unit hydraulic gradIent (I =1 0) and solVing for the
radius of a circle WIth that area Suggested K values for
use In Vermont are sand (100 ftfday) , till (1 ftfday), basal
till (0.01 ftlday) and Silt and clay (0 001 ftlday)

The infiltration equation is used when the overburden IS
not saturated throughout the year and assumes that all
Infiltrating precipItation IS available to the pumpmg well

where
r =radius In feet

Q ... annual pumpage (ft3/yr)
I =Inflltratlon (ftlyr)

Suggested mfiltratlon rates till (0 58 ftlyr), more perme
able tills shallow to bedrock (1 ftfyr), and sand and
gravel (1.8 ftIyr) Pnmary WHPAs are dehneated usmg
the radIUS, slgmflcant fractures traces, structural trends,
and topography. Secondary areas dram directly mto
primary areas and are outhned along upslope dramage
divides. Figure 4-11 Illustrates WHPAdehneatlons usmg
the leakage and mflltratlon methods

r =sqrt[(QlI)/1t] (3-19)
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• Unconfmed aqUifers

• Semlconfmed (leaky) aqUifers

• Partially penetratmg wells

Table 4-6 provides noneqUlhbnum analytical equations
and associated well function tables for the followmg
situations

1 Isotropic, nonleaky confmed aqUifer With fully
penetratmg wells and constant-discharge conditions,

2 Isotropic nonleaky confmed aqUifer With parttally
penetratmg wells and constant-discharge conditions,

3 Isotropic leaky confmed aqUifer With fully penetratmg
wells and constant-discharge conditions Without
water released from storage 10 the confmmg layer,

4 Isotropic water table aqUifer With fully penetratmg
wells and constant-discharge conditions

Table 3-8 Identifies additional references that address
vanous combmatlons of these speCial situations Other
compleXities are added (1) when a well IS located near
an aqUifer boundary, such as a perenmal stream or
water body, or near an Impermeable boundary, (2) when
the cone of depreSSion of pumpmg wells Interact, or (3)
where a Single well mtersects more than one aqUifer
Table 3-8 also Identifies references that may be useful
for addreSSing these situations Often computer model
109 IS reqUired, as discussed 10 Chapter 6
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Figure 4-11 Delineation of wellhead protectIon dreas for bedrock wells receIVing recharge from overburden (a) leakage method,
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Table 4-6 Commonly Used Pump Test Analytical Equations (from Walton, 1970)

Isotropic nonleaky artesian aquifer WIth fully penetrating wells and constant-dlscharge condll1ons

s _ 1146Q W(u} u _ 1 87r·S
T Tt

IsotropiC nonleaky artesian aqUifer With partially penetratIng wells and constant-dlscharge condll1ons

s _ 114 6Q w(u, ~ '1') u= 1 87r·S
T m TI

m-m.'Y---m-

Isotropic leaky artesian aqUifer With fully penetratmg wells and constant-discharge COnditiOns
Without water released from storage m aqultard

114 6Q w( r) 1 87r·S
s-=--T- u'E u--n

r r s _ 229Q K
O
(!:')

B VT/(P'!m') T B

IsOtropIC water-table. aqUifer With fully penetratlng wells and constant-dlscharge conditiOns

S... 1146Q w(u••, .!..) u. _ 1 87r
l
S

T Dc Tt
1 87r'S. r 273ru,,----

TI Dc V TID,S"
D (r/Dt)I(l!u,,)
1- 41

where s - drawdown, In feet
Q dtscharge, In gpm
T coeffiCient of transmissibility of aqUifer, In gpd/ft
S"'" coeffiCient of storage of aqUifer, fracllon
r "'" dIStance from production well to observatIon pomt, In feet
I - time after pumpmg started, In days

m - saturated tluckness of aqUifer, m feet
m. - distance from top of aqUifer to top of screen, In feet
P' == coeffiCient of permeability of aqultard, In gpd!sq ft
m' == saturated thickness of aqultard, In feet
S. - specific yield of aquifer, In feet

W(u)-sce Table 4-6 1

w(u,~. 'Y)~ Table 4-62

w(u.~)~ Table 4-63

Ko(i)~Table4-64

w(u... ;c)--SCC Table 4-65

Tabla 4-61. Values of W(u) or W(u.ry) (after Wenzel, 1942)

"It Nx 10-10 Nx 10-0 Nx 10-1 NX 10-1NxI0-U NxJO-U Nxl0-ll NxlO-ll NX10-n Nxl0-o NxlO-1 Nxlo-< Nxl0-' NxIO-' NxlO-1 N
.v
10 339616 316590 293564 270538 24 7512 224486 201460 178435 15 S409 13 2383 109357 86332 63315 40379 18229 02194
t.S 335561 312535 289509 266483 243458 220432 197406 174380 151354 128328 105303 82278 59266 36374 14645 01000
20 332614 30 9651 216632 263607 2405Bl 217555 194529 17 1503 148477 125451 102426 79402 56394 33547 12227 004890
:u 3300153 307427 284401 261375 238349 215323 192298 169272 146246 123220 100194 77172 54167 31365 10443 002491
3.0 32.1629 3056001 28 2578 259552 236526 213500 1900174 167449 144423 121397 98371 75348 52349 29591 09057 001305
1,$ 32.'1011 304062 211036 258010 234985 211959 188933 165907 142881 II 9855 96830 73807 50813 28099 07942 0006970
40 3:1.5753 302727 279701 25 6675 23 3649 210623 187598 164572 141546 II 8520 95495 72472 49482 26813 07024 0003779
4,$ 3:1.4575 301549 278523 255497 232471 209446 186420 163394 140368 11 7342 94317 71295 48310 25684 06253 0002073
s.o 3:1.3521 3000195 277470 254444 231418 208392 185366 162340 139314 116280 93263 70242 47261 24679 05598 0001148
5,$ 3:1.2568 299541 276516 253491 230465 207439 184413 161387 138361 II 5330 92310 69289 46313 23775 05034 00006409

~
3:z.l691 291672 275646 252620 22 9595 20 6569 183543 160517 13 7491 114465 91440 68420 45448 22953 04544 00003601
3:1.0191 297872 214846 251120 22 8794 205768 182742 IS 9717 13 6691 113665 90640 61620 44652 22201 04115 00002034

7.0 32 01S6 297131 274105 251079 228053 205027 182001 158976 135950 112924 89899 66879 43916 2,1508 03738 00001155
15 319467 29 6441 273415 250389 227363 204337 181311 IS 8280 13 5260 112234 89209 66190 43231 20867 03403 00000658.0 311121 29 5795 272769 249744 22 6118 20 3692 180666 157640 13 4614 11 1589 88563 65545 42591 20269 03106 00000376
IS 311215 295119 272163 249137 22 6112 20 3086 180060 157034 13 4008 11 0982 81957 64939 41990 19711 02840 00000216
,.0 317643 294618 271592 248566 225540 202514 179488 IS 6462 13 3437 11 0411 81386 64368 41423 19187 02602 00000124
!IS 317103 294077 271051 248025 224999 20-1973 178948 15.5922 13-2896 109810 86845 63828 40887 18695 02387 00000071
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Table 4-62 Values of W(u, rIm, y)

,,= 07S

u rim =0 1 001 0001

10-' 138767 152580 167637
IO-S 11 5741 12 9554 142530
10-' 92716 106478 11 3995
10-' 69699 813'92 83991
10-1 46712 529167 53635
10-1 22597 241103 24193
1 02823 02898 02898
2 00634 00643 00645
3 00167 00169 00169

,,= 0.$0

u rim =OS 02 01 003 001 0001

10-1 135665 1446:S9 154989 176358 197506 24.2954
IO-S 112639 1216153 131963 15 3332 174498 211506
10-' 89614 986J8 108938 130307 151224 170340
10-' 66597 756U 85921 106994 119812 125845
10-1 43661 5 261~5 62757 74555 78851 80462
10-1 2.1511 288ll 3.21620 35305 36050 3.6304
1 03384 0391~6 04185 0.4319 0.4349 04353
2 00808 00910 00942 00964 00966 00968
3 00223 002<~7 00252 00254 00254 00255

y=02S

u rim"'" 100 07,S 020 010 003 001 0.001

10-1 133385 13934)7 162123 189845 2S 1707 314176 449718
10-1 11 0359 116341 1391097 166837 22 8681 2!}.1150 407960
10'" 86334 933]l6 116072 1437914 30 5656 267666 335338
10-' 64317 702cJ9 03055 12.0777 182045 226026 249428
10-1 41381 473b3 70U9 97382 138971 153684 15.9702
10-1 19231 252Jl3 44451 57545 68298 7.1101 71913
1 02981 049',9 07160 07856 08493 08549 08531
2 00806 01211 01675 017914 01900 0.1875 01893
3 00245 00366 00454 00472 00501 00481 00481

Table 4-63 Values of W(u, rIB) or W(u", rIB) (aftlBr Hantush, 1956)

001 0015 OOJ 0.tJ5 0.tJ15 010 OIS 0.1 OJ 04 0.5 06 01 0.8 09 1.tJ 1.5 20 25

0000001
0000005 94413
000001 94176 86313
000005 88827 14533 72451)
00001 83983 11414 72122 62282 54228
00005 69751) 6.9152 66219 60821 54062 48530
0001 63069 62765 6121)2 57965 531)78 48292 CI)595 3Sll54
0005 47212 47152 46829 46084 44713 42960 38821 34567 27428 22290
001 40356 4.0326 40167 39795 39091 381Sll 35725 32875 27104 22253 18486 155Sll 13210 11307
005 24675 24670 24642 24576 24448 24271 13776 23110 19283 17075 14927 12955 1.1955 11210 09700 08409
01 18227 18225 18213 18184 18128 180Sll 17829 17527 16704 15644 14422 13115 11791 10Sll5 09297 08190 04271 02278
05 05598 05597 05596 05594 05588 05581 1>5561 05532 05453 05344 05206 05044 04860 04658 04440 04210 03007 01944 01114
10 02194 02194 02193 02193 02191 02190 I) 2186 02179 02161 02135 02103 02065 02021) 01971) 01914 01855 01509 01139 00803
50 00011 00011 00011 00011 00011 00011 1)0011 00011 00011 00011 00011 00011 00011 00011 00011 00011 00010 00010 00009

85



Table 4-64 Values of Ko(r/B) (after Hantush, 1956)

N rIB"'" Nx 10-3 Nx 10-: Nx 10-1 N

10 70237 47212 24271 04210
15 66182 43159 20300 02138
20 63305 40285 17527 01139
25 61074 38056 15415 00623
30 59251 36235 13725 00347
35 57709 34697 12327 00196
40 56374 33365 11145 00112
45 55196 32192 10129 00064-
50 54143 31142 09244 00037
55 53190 30195 08466
60 52320 29329 07775 00012
65 51520 28534 07159
70 50779 27798 06605 00004
75 50089 27114 06106
80 49443 26475 05653
85 48837 25875 05242
90 48266 25310 04867
95 47725 24776 04524

Tablo 4-6.5 Values of W(u.Y' rID,} (from Boulton, 1963)

1111. = Nfl X 10"

rID,- 001 rID,- 01 rID, =02 rlD,- 0316 rID,-04 rID,-06

N n well.,rID,) N n W(II•• rID,) N n W(II.,rID,) N n W(II•• rID,) N n W(II., rID,) N n W(II.,rID,)

1 I 182 1 I 180 5 0 119 I 0 0216 1 0 0213 1 0 0206
1 2 404 S I 324 I 1 175 2 0 0544 2 0 0534 2 0 0504
I 3 631 1 2 381 5 I 295 5 0 1 153 5 0 I 114 5 0 0996
5 3 782 2 2 430 I 2 329 I 1 US5 1 1 1564 I I 1311
I 4 140 5 2 471 5 2 350 5 I 2504 5 I 2181 2 I 1493
I 5 942 I I 483 I 3 351 I 2 2623 I 2 2225 5 1 1553
I 6 9« I 4 485 1 3 2648 I 3 2229 1 2 1555

,ID,- 08 rID,=< 1 0 riD, = 15 rID, = 20 r1D,=25 rID,=30

N n W(II., rID,) N n W(II.,rID,) N n W(II•• rID,) N n W(II., rID,) N n W(II., rID,) N n W(II., rID,)

5 -I 0046 5 -1 00444 5 -I 00394 333 -1 00100 5 -I 00271 5 -I 00210
I 0 0197 I 0 01855 I 0 01509 5 -I 00335 1 0 00803 1 0 00534
2 0 0466 2 0 0421 125 0 0199 1 0 0114 125 0 00961 125 0 00607
5 0 0157 5 0 0715 2 0 0301 125 0 0144 2 0 01174 2 0 00681
1 I 1050 I I 0819 5 0 0413 2 0 0194 5 0 o 12<\7 5 0 00695
2 I t 121 2 1 0841 1 I 0427 5 0 0227 I I 01247 t I 00695
5 1 I 131 5 I 0842 2 I 0428 I I 0228

1111. = N" X 10·

,ID,-OOI rID,,,,,, 0 1 rID, = 0 2 rID, = 0316 r1Dt=04 r1D,=06

N n W(I/.,rID,) N n W(II.,rID,) N n W(II.,rID,) N n W(II., rID,) N n W(II., rID,) N n W(II•• rID,)

4 2 945 4 0 486 4 -I 351 4 -I 266 1 -I 223 444 -1 1586
4 3 954 4 I 495 4 0 354 4 0 274 I 0 :' 26 222 0 1707
4 4 1023 4 2 564 2 I 369 4 I 338 5 0 :' 40 444 0 1844
4 5 12.31 4 3 772 4 I 385 4 2 542 I I :' 55 167 1 2448
4 6 1461 4 4 1001 1 ~ 2 455 4 3 772 375 I 320 444 I 3255

4 2 542 I 2 <105

rID,-08 rID,=< 10 rID, =< 15 rID, =20 r1D,=25 r1D,=30

N n Well.,. rID,) N n W(II•• rID,) N n W(II.,rID,) N n W(II•• rID,) N n W(II., rID,) N n W(II•• rID,)

2.S -2 1 133 4 -2 0844 711 -2 0444 4 -2 0239 256 -2 01321 178 -2 00743
2.5 -I I 15S 4 -I 0901 355 -I 0509 2 -I 0283 128 -I 01617 889 -2 00939
125 0 1264 4 0 1356 711 -I 0587 4 -I 0337 256 -I 01988 178 -I 01189
25 0 1387 4 1 3140 267 0 0963 15 0 0614 96 -1 03990 667 -1 02618
937 0 1938 711 0 1569 4 0 1111 256 0 07977 178 0 05771
2.5 1 2.704
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ChapterS
Hydrogeologijc Mapping for Wellhead Protection

Hydrogeologic mappmg provides a valuable comple
ment to the simpler methods for wellhead protection
area (WHPA) delineation covered m the prEwlous chap
ter and IS a necessary precursor to more complex
numerical modeling of ground water flow u~)lng comput
ers (Chapter 6) Figure 5-1 Illustrates WHPAdellneatlon
uSing geologic contacts and ground water diVides as
the key elements of hydrogeologic mapping Poten
tiometriC maps (Chapter 2) and methods for measuring
aqUifer parameters (Chapter 3) are essential parts of
hydrogeologic mapping ThiS chapter focuses on gen
eral approaches to hydrogeologic mapping (baSIC ele
ments-5ectlon 5 1, eXisting data collection and
interpretation-Section 5 2, and field data collectlon
SectIon 5 3)

ground water
divide

Section 5 4 covers four aspects of hydrogeologic map
ping that require speCial conSideration In relation to
WHPA delineation (1) adjustments of WHPAs to ac
count to aqUifer boundanes (Section 5 4 1), (2) adJust
ments of WHPAs based on aqUifer heterogeneity and/or
anisotropy (Section 5 42), (3) assessing the presence
and degree of confmement In aqUifers (Section 5 4 3),
and (4) mapping of fractured rock and karst aqUifers
(Section 544) Section 55 deSCribes the approach of
ground water vulnerability mapping based on hydro
geologiC factors that affect the movement of contami
nants In the subsurface Finally, Section 5 6 discusses
use of geographiC mformatlon systems (GIS) for WHPA
delineatIOn

ground water
divide

!!!! ZONE I - Radius around public supply well
f;·n.,*K\~fI ZONE II- Land surface cJverlaylng the part of the aqUifer that contributes water to the well

! I ZONE III- Land surface through and over which water drains Into Zone II

Figure 5-1 Wellhead protection delineation usmg hydrogeologic boundaries (U S EPA,1993a)
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5.1 Elements of Hydrogeologic Mapping

Hydrogeologic mapping requires the systematic and in
tegrated appraisal of sOils, geomorphology, geology, hy
drology (includrng meteorologic aspects), geochemistry,
and water chemistry as they affect the occurrence, flow,
and quality of ground water A brief diSCUSSion of the
significance of these elements follows Any standard
hydrogeology textbook contarns one or more chapters
devoted to methods for hydrogeologiC mapprng (see
Table 5-8). Section 5 3 identifies major references with
a focus on field aspects of hydrogeologiC mapping

5.1.1 Soils and Geomorphology

The character and dlstnbutlon of sOils and landforms are
major considerations In hydrogeologiC mapping In hu
mid areas where unconfrned aqUifers develop In uncon
solidated matenals and lie relatively near the land
surface In this settrng, the water table generally follows
the land surface, although with more subdued relief
(Section 2 1 2). Recharge areas are generally located 10

upland areas, and ground water diVides tend to COinCide
with surface watershed boundanes Valley bottoms and
floodplains with perennral streams represent discharge
areas

For all areas, solis and topography are the pnmary
features that determine how much preCipitation rnfll
trates mto the ground to recharge ground water, and
how much runs off to surface streams Highly permeable
soils and flat topography favor rnflltratlon, less perme
able solis and steep slopes promote surface runoff

5.1.2 Geology

Geology forms the phYSical framework for the flow of
ground water Porosity (primary and secondary-Sec
tion 2.1 4), storage properties (Section 3 1 1), and trans
mlttmg properties (hydraulic conductiVity-Section
3.1.2) are largely a function of the geologiC matenals
present. Stratigraphy (relationships of layered geologiC
materials) affects local and regional ground water flow
by the distnbution of strata of relatively higher and lower
permeability Structural features (the folding and fractur
ing of rock by tectOniC processes) may alter directions
of ground water flow compared to hOrizontal sediments
by changing the inclinatIon of permeable sediments and
confinrng Units Displacement of sediments by faulting
may either prOVide zones of rncreased permeability
through fractunng or create aqUifer boundanes when
impermeable strata block the flow of water through per
meable strata (see Figure 2-17) Secondary fracture
porosity results pnmanly from tectonic stresses

5.1.3 Hydrology

Although the focus of hydrogeologiC mapprng IS ground
water, the occurrence and flow of ground water must be
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understood 10 the context of the larger hydrologiC CYCle,
which Includes atmosphenc water, water In the vadose
(unsaturated) zone, and surface water ThiS IS espeCially
true of unconfmed aqUifers, which are Intimately con
nected to the hydrologiC cycle Complete charac
terization of unconfined aqUifers reqUires conSideration
of Infiltration of preCipitation, the effects of evapotrans
piration, and the relationship between the ground water
and surface water systems Potentlometnc surface
mapping (Chapter 2) IS one of the most Important as
pects of hydrogeologiC charactenzatlon Confined aqUi
fers that are distant from areas of surface recharge can
be conSidered effectively Isolated from the hydrologiC
cycle, proVided that they are highly confined (Section
5 4 3), which greatly Simplifies analySIS of the ground
water flow system (Section 4 5)

5.1.4 Hydrochemistry

Data on water quality can prOVide valuable rnslghts Into
the hydrogeologiC system As discussed In Section
5 4 3, a number of hydrochemical rndlcators are useful
for assess109 the presence and degree of confinement
of an aqUifer The geochemical charactenstlcs of the
aqUifer matrix and factors such as pH and redox poten
tial (Eh) and aqUifer microbiology (Section 1 4) are es
peCially Important If the potential for attenuation of
contamrnants IS being conSidered In the WHPA deline
ation process (Section 4 1 5)

5.2 Existing Data Collection and
Interpretation

The first step In hydrogeologiC mapping IS to frnd out
what rnformatlon IS already available for the area of
Interest ThiS Includes first reviewing published maps
and reports about SOils, geology, and hydrology of the
area The next step IS flndrng and analyZing any unpub
lished data, such as well dnll logs, and hydrologiC and
water quality data on file at local, state, or federal gov
ernment offices EP,4;s STORET database may have
ground water quality data from the area (U S EPA,
1986c) Finally, examrnatlon of aenal photographs pro
Vides an opportUnity to relate knowledge gained In re
viewing published and unpublished information to the
speCifiC wellhead area, and helps focus field efforts to
collect additional reqUired information

The above steps do not have to be followed In stnct
sequential order, but an intensive initial effort to Identify
and review published and other eXisting information will
generally payoff by (1) aVOiding field effort spent In
collecting data that IS already available, and (2) targeting
the location and type of field data collection to yield the
greatest benefits Dury (1957) prOVides comprehenSive
coverage of general aspects of map interpretation, and
Warman and Wlesnet (1966) diSCUSS the deSign and
use of hydrogeologiC maps Pettyjohn and Randlch



(1966) provide an example of hydrogeologic interpreta
tions uSing lithofacies maps In glaciated areas Mey
boom (1961) reviews terminology used In ground water
maps

Getting to know one or more mdlvlduals In the vanous
state and federal agencies that publish and maintain
files of information on sOils, geology, and water re
sources can facilitate the process of determining what
IS available for the area of Interest The planning and
utility departments of local government are also sources
of potentially valuable Information that may not be avail
able from other sources Worksheet 5-1 provides a form
for listing personal contacts and Identifying available
maps that can provide a starting POint for compiling a
hydrogeologic map of an area

5.2.1 Soil and Geomorphic Data

Section 3 2 1 discusses the use of soli survey data In
the estimation of aquifer parameters Soli surveys pub
lished by the SOil Conservation Service (SCS) of the
U S Department of Agnculture are typically at a scale
of 1 15,840 or 1 20,000 and mapped on a alrphoto base
Simplified geomorphic maps can be readily developed
from a SOil map by grouping soli map umts Into larger
geomorphic umts (floodplains, terraces, uplands, etc)
Nonfloodplam solis are differentiated on the basIs of
slope With letter designations In the map symbol ThiS
allows development of geomorphic Units based on slope
range Slope range, combined With the infiltration char
actenstlcs of the soli, allow Interpretations of Inflltratlon
runoff charactenstlcs of an area Table 5-1 summanzes
cntena for SCS runoff classes, and Table' 5-2 Includes
cntena for SCS hydraulic conductivity and permeability
classes ThiS information can be used to develop a
qualitative assessment of the ground water recharge
potential In an area

5.2.2 Geologic and Hydrologic Data

The Hydrologic Atlas (HA) and Water Resource Investi
gation (WRI) senes of the US Geological Survey are
some of the best sources of hydrogeologic Information
In fact, a hydrologic atlas of aqUifer areas and charac
tenstlcs may provide much of the information reqUired
for WHPA delineation These maps are based on the
interpretation of all available geologiC information from
soli profiles, test wells, rock outcrops, observation wells,
seismic surveys, and other means of sub~)urfaceobser
vation The location of aqUifers on these maps IS esti
mated by examining surficial geology, depth to bedrock,
and depth to the water table A hydrologic atlas contains
information about ground water availability, well loca
tions, ground water quality, surficial deposits influenCing
transmisSIVity, basin boundanes, flow charactenstlcs of
surface water, and other hydrologic factoIs
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Table 5-1 SCS Index Surface Runoff Classes

Runoff Classes*

Slope Ksat Class**
Gradient <%> VH H MH ML L VL

Concave*** N N N N N N

<1 N N N l M H

1-5 N VL l M H VH

5-10 VL l M H VH VH

10-20 Vl L M H VH VH

>20 L M H VH VH VH

* Abbreviations Neghglble-N, very low-VL. low-l. medlum-M. high-H.
and very hlgh-VH These classes are relative and not quantitatIVe

** See Table 5-2 for definitions Assumes that the lowest value for
the SOil occurs at <0 5 m If the lowest value occurs at 0 5 to 1 m.
reduce runoff by one class If It occurs at >1 m, then use the lowest
saturated hydraulic conductivity < 1 m VL Ksat IS assumed for solis
With seasonal shallow or very shallow free water

*** Areas from which httle or no water escapes by flow over the ground
surface

Source US EPA (1991b)

Table 5-2 SCS Criteria for Hydraulic Conductivity and
Permeability Classes

Class Units

Saturated HydraulIc f.lIsec Inlhr
ConductiVity

Very Low (Vl) <001 <0001

Low (l) 001-01 0001-001

Moderately Low (ML) 01-1 001-014

Moderately High (MH) 1-10 014-14

High (H) 10-100 14-142

Very High (VH) >100 >142

Permeability cmlhr ~n1 hr

Very Slow <015 <006

Slow 015-05 006-02

Moderately Slow 05-15 02-06

Moderate 15-50 06-20

Moderately Rapid 50-152 20-60

Rapid 152-508 60-20

Very Rapid >508 >20

Source US EPA (1991b)

A water table or potentlometnc surface map, If available,
IS the next most valuable source of hydrogeologic infor
mation (Chapter 2) Such maps may be available from
the state water resource agency or geological survey
SCS-publlshed SOil surveys usually give summary data
on monthly dlstnbutlon, averages, and ranges of tem
perature and preCipitation The National Weather Serv
Ice (1988) IS the pnmary source for other climatological



SOllsNegetatlon Maps

__ SoJlMap

__ Vegetation

Aenal Photography

__ Large scale

__ High altitude

__ Satellite

Worksheet 5·1
Collection of Existing Data for Wellhead Protection

Contacts and Phone Numbers

EPA Regional Ground-Water Representative

USGS Water Resources DIvIsion State Office

SCS DlstrlcVState Office

Federal Management Agency Local Offlce*

State Wellhead Protection Program

State Water Resource Agency**

State Environmental Protection Agency**

State Geological Survey

Local College/Unrverslty Geology Department

Local CollegelUniverslty LIbrary

Topographic Maps

_ 7 112' Topographic

__ 15' Topographic

__ Regional

__ Other

Geologic Maps
__ State

_Regional
__ Local

Hydrologic Maps

__ USGS Hydrologic Atlas

_ State-Published HydrologiC Maps

__ Water TableIPotentlometnc Surface

__ Watershed

__ Wetlands

__ Flood Plain Maps (FEMA, FIRM)

__ Other

Land Use Maps

_ Ownership/fax Assessment

_ Subsurface Ownership (If different from surface ownership)

__ Zoning/Ptannlng

__ Utilities

__ Other

• Required only if wellhead protection area Includes federal lands (most likely In western US) POSSible agencies Include the Bureau
of Land Management, U S Forest ServlCs, U S Fish and Wildlife Service, and U S Department of Defense

•• If dIfferent from agency responSible for wellhead protection
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data, whIch may be reqUired to evaluate recharge of
unconfined aqUifers Detailed precipitation data may be
useful If available well-level measurements for develop
Ing a potentlometnc surface map were taken at different
times (Section 2 3)

Geologic information IS available from many sources
The U S Geological Survey and state geologIcal sur
veys are the pnmary source for surficial and bedrock
geologiC maps Important surface hydrologic features
Include drainage basins (watersheds), surface water
bodies, wetlands, and flood zones Wetlands can be
Identified on topographic maps, however, more detailed
wetland maps may be available from the state wetlands
regulatory agency or regional office of the U S Army
Corps of Engineers Flood mapping for every state has
been prepared by the Federal Emergency Management
Agency (FEMA) Two types of flood mappmg are avail
able Flood Insurance Rate Maps (FIRM) and Flood
Boundary and Floodway Maps These maps delineate
the areas adjacent to surface waters that would be
under water In 100-year and 500-year floods Hlstonc
flood data may also be available from community and
state IIbranes

If published information sources are lackmg or scarce,
a review of well logs, both public and pnvate, and test
bOring logs becomes the primary method for developing
preliminary hydrogeologiC interpretations for an area
Well records prOVide geological data (although the qual
Ity of descriptions prepared by water well dlillers may be
problematiC) Records of well discharge and water level
fluctuations may prOVide a basIs for evaluating an
aqUifer's hydraulic conductiVity, transmissIvity, and
storatlvlty

5.2.3 Airphoto Interpretation

Aenal photographs prOVide an inexpensIVe way to di
rectly observe natural and artifiCial features on the land
surface Aenal photographs are baSIC to any geologiC or
hydrogeologiC investigation Much Information can be
obtained from stereopalrs of black-and-white air photos,
which prOVide a three-dimenSional Image of the surface
when Viewed With a stereoscope Patterns of vegetation,
vanatlons In grey tones In SOil and rock, drainage pat
terns, and linear features allow preliminary interpreta
tions of geology, SOils, and hydrogeology Table 5-3
deSCribes the types of observations and the Inferences
about geologiC and ground water conditions that can be
made from aerial photographs Vanous standard texts
are available for gUidance In air photo Interpretation
methods (Avery, 1968, Lueder, 1959, Miller and Miller,
1961, Strandberg, 1967, Lillesand and Kiefer, 1979,
Verstappen, 1977) All air photo interpretations should
be field checked and reVised where "ground truthlng"
Indicates features that were missed or Incorrectly deline
ated
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Black-and-white air photos are available from vanous
federal agencies for almost any location In the Umted
States These are the cheapest type of air photo to
obtain The nearest county office of the SOil Conserva
tion Service or Agncultural Stabilization and Conserva
tion Service (they Will often be In the same bUilding) IS
the best starting place to determine what IS available
Many of these offices have air photo coverage that
extends back to the 1930s When photographs for mul
tiple years are available, all should be examined, be
cause Significant features that are obscured In one set
may be eVident In another Also, sequential examination
of air photos taken at different times prOVides valuable
information on changes In land use

Air photos often reveal linear features, called fracture
traces, that indicate zones of relatively higher perme
ability In the subsurface Fracture-trace analySIS uSing
air photos can prOVide preliminary information on pOSSI
ble preferential movement of contaminants Fetter
(1980, pp 406-411) prOVides a good mtroductlon to
fracture-trace analySIS Panzek (1976) proVides a good
review of the North American literature on fracture trace
and lineament analySIS

5.3 Field Data Collection

More often than not, eXisting informatIOn sources Will not
proVide all the information reqUired to delineate a
WHPA Where finanCial resources are very limited, field
data collection may be restncted to actiVities such as
measurement of water levels In eXisting wells to develop
a potentlometnc map and very Simple well tests (Section
3 2 3) Where a large population IS served by a few
wells, and options for alternative water supplies are
limited If they should become contaminated, extensive
hydrogeologiC field investigations for computer model
Ing, costing tens of thousands of dollars or more, may
be JustIfied

A detailed diSCUSSion of field methods IS beyond the
scope of thiS manual Some standard texts on geologiC
mapping methods Include Bishop (1960), Compton
(1962), Lahee (1961), and Low (1952) Thomas (1978)
reviews pnnclples for field hydrogeological Investiga
tions, and Scheidegger (1973) reviews geomorphiC as
pects of hydrology Warman and Wlesnet (1966) prOVide
gUidance on the deSign of hydrogeologiC maps
LaMoreaux (1966) and UNESCO (1970) deSCribe sym
bols and conventions for the preparation of hydro
geologiC maps UNESCO (1975) proVides the same for
geohydrochemlcal maps Figure 5-2 prOVides an over
view of symbols recommended for hydrogeologiC map
ping Moore (1991) prOVides gUidance on planmng and
report preparation

As noted at the beglnmng of thiS chapter, any text on
hydrogeology prOVides some coverage on field Investl-



Tabla 5-3 Representative Types of Observations and Inferences of Geologic and Ground-Water Conditions from the Study of
Aerial Photographs (Heath and Trainer, 1981)

Type of Observation Purpose of Observation

A. Water, or water features, at the land surface

1. Drainage density, subdIVIsion of area on
basis of drainage density

2 Localized gain or loss of stream-flow
(e g , springs and seeps along streams,
sites or reaches of loss of water from
channel)

3 Seepage at land surface (commonly
shown by character and distribution of
vegetation)

4 Presence and dlstnbutIon of man-made
water features (wans, Improved spnngs,
roservolrs, canals)

B Charactor and areal distribution of rocks

1. Spoclflc typo(s) of rock(s) as Inferred from
such evidence as landforms, texture,
color, or tona of land surface, vegetation

2. Spatial form and Interrelations of rock
units (stratigraphy and structure)

3 Spatial relation of rock units to
surface-water bodies

Inference of ground-water conditions from surface-water conditions

ClaSSification of terrain on baSIS of relatIVe permeability, differentiation of tracts of
rather different permeability

ClaSSification of streams as gaining or lOSing, and location of gaining and lOSing
reaches, from thiS, Inference of general nature of ground-water discharge,
recharge, and Circulation In near-surface rocks, together With geologic data, may
permit Inference of confined or unconfined aqUifers, and of geologiC controls on
ground water

Location of sites of ground-water discharge, areal form and areal and topographic
dlstnbutIon of these Sites, together WIth geologiC data, may permit Inference of
type of aqUifer and of geologiC controls on ground water

Show presence of water, With supplementary data, particularly relating to
vegetation and land-surface drainage, may permit Inference of effect of these
water features on ground water In the area (Photographs made before and after
construction of features are particularly valuable)

Inference of broad geologic controls on the occurrence of ground water

Broad claSSification of types of water-beanng material near the land surface, and
hence Inference of probable porosity and relative permeability of near-surface
material, With data on climate, vegetation, and drainage, Inference of chemical
quality of ground water

Inference of size, shape, and boundanes (lithologic and hydrologiC) of probable
aqUifers and aqulcludes, Inference of conditions of recharge and discharge of
ground water

Inference of hydrologiC boundanes and recharge conditions

galion methods Ground water texts that give speCial
emphasis to hydrogeologic mapping Include Brass
Ington (1988), Brown et al (1983), Erdelyl and Geilfl
(1988), Mandel and Shlfton (1981), UNESCO (1977),
US. Geological Survey (1980), and Walton (1970) US
EPA (1991a) prOVides an overview of ground water in
vestigation methods The reports of EPA-sponsored
workshops on minimum data reqUirements for ground
water (U S EPA 1988a) and hydrogeologiC mapping
needs for ground water protection and management
(U.S EPA 1990) may also serve as useful resources
U.S. EPA (1993c) prOVides a comprehenSive compila
tion of more than 250 methods for subsurface field
characterization and mOnitoring techniques The rest of
this section prOVides a bnef overview of major field
methods and their applicability to WHPA investigations

5.3.1 Soil Survey

If an SCS soli survey Is not available for the county In
which a WHPA Is being investigated, SCS may be able
to provide technical assistance by mappmg the area of
Interest The nearest District SCS office should be con
tacted to find out about the POSSibility of, and procedures
for, obtaining technical assistance If governmental as
sIstance Is not available, hlnng a consulting soli SCientist
might be an option The cost of thiS option might be
justified for a highly vulnerable unconfined aqUifer serv
Ing a large population. Consulting SOil sCientists can be
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Identified by contacting the National Society of Consult
mg SOil SCientists (325 Pennsylvania Ave, SE, SUite
700, Washington, DC, 20003), the Office of the Amen
can Registry of Certified ProfeSSionals In Agronomy,
Crops, and SOils (ARCPACS, 677 S Segoe Rd , Madi
son, WI 53711-1086), or the state aSSOCiation of profes
Sional SOil SCientists, If one eXists State associations
may have their own certification programs, and are prob
ably the best starting POint to find a SOil SCientist familiar
With SOils In the area of Interest Any contract Signed With
a consulting SOil SCientist should specify that the map
conform to standards of the SCS National Cooperative
Soli Survey program

5.3.2 Surface Geophysical Measurements

Surface geophYSical methods, such as DC reSistIVIty,
electromagnetic induction, ground-penetrating radar,
seismic refraction and reflection, and mlcrogravlty sur
veys, are beginning to be used more frequently In hy
drogeologiC investigations Table 5-4 prOVides summary
information on applications of surface geophySical
methods for ground water and contaminated site inves
tigations The most commonly used methods are In
boldface type GeophySIcal methods reqUire speCialized
eqUipment and training and reqUire venflcatlon by drill
Ing of boreholes Consequently, they are relatively ex
pensive Where detailed hydrogeologiC investigations
are reqUired for numerical computer modeling, surface
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Rgure fi.2. Symbols and conventions for preparation of hydrogeologic maps (LaMoreaux, 1966) (continued)
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Table 5-4 Summary Information on Remote sen'llng and Surface Geophysical Methods (All ratings are approximate and for
general gUidance only)

section In
Sollsl Burled US EPA

Technique Geology Leachate Wastes NAPLs Penetration Deptha Cosf> (1993b)

Airborne Remote Sensmg and GeophYSics

Visible Photography yes ye'Se possibly<! yese Surf only L 1 1 1
Infrared Photography yes yese possibly<! yese Surf only L-M 1 1 1
MUltispectral Imaging yes yese no yes" Surf only L 1 1 1
UltravIolet Photography yes yese no yese Surf only L 1 12
Thermal Infrared Scanmng yes yes(T) possibly<! possIbly Surf only M 1 13
Active Microwave (Radar) yes possIbly no possIbly 01-2 M 1 14
Atrborne Electromagnetlcs yes ye'S (C) yes possIbly 0·100 M 1 15
Aeromagnetlcs yes no yes no ? M 1 16

Surface Electncal and Electromagnetic Methods

Self Potential yes yes (C) yes no S? L 1 21
Electrical ReSistiVity yes yes (C) yes (M) poSSIbly S 60 (km) L-M 122,911
Induced Polanzatlon yes yes (C) yes possibly Skm L·M 123
Complex ReSistiVIty yes yes (C) yes yes Skm M-H 123
TIme Domain Reflectometry yes yes (C) no yes S 2" M-H 624
Capacitance Sensors yes yes (C) no possibly S 2" L-M 624
Electromagnetic Induction yes yes (C) yes poSSibly S 60(200)/C 15(50) L-M 131
Transient Electromagnetlcs yes yes (C) yes no S 150 (2000+) M-H 132
Metal Detectors no no yes no CIS 0-3 L 133
VLF ReSistiVity yes yes (C) yes no CIS 20-60 M-H 134
Magnetotelluncs

Surface Seismic and Acoustic Methods

seismic Refraction yes yes no no S 1-30(200+) L-M 141
Shallow SeismiC Reflection yes no no no S 10-30(2000+) M-H 142
Continuous SeIsmic Profiling yes no no no C 10100 L-M 143
SeIsmiC ShearlSurface Waves yes no no no S7 M-H 144
Acoustic EmISSion Momtonng yes no no no S 2" L 145
Sonar/Fathometer yes yes no no C no limIt L·H 146

Other Surface GeophySical Methods

Ground-Penetrating Radar yes yes (C) yes yes C 1-25 (100s) M 151
Magnetometry no no yes (F) no CIS 0-20' L-M 152
GraVIty yes ye'S no no S 100s+ H 153
Radiation Detection no no yes no CIS near surface L 154

(nuclear)
Near Surface Geothermometry
Soli Temperature yes ye'S (T) no no S 1-2" L 1 61
Ground Water DetectIon yes ye'S (T) no no S 2" L 162
Other Thermal Properties yes no no no S 1-2" L-M 163

Boldface = Most commonly used methods at contaminated sites
(C) = plume detected when contamlnant(s) change conductIVIty of ground water, (F) = ferrous metals only, (T) = plume detected by temperature

rather than conductIVIty
a S = station measurement; C = continuous measurement Depths are for typical shallow applications, ( ) = achievable depths
b Ratings are very approximate L = low, M = moderate, H = high
~ If leachate or NAPLs are on the ground or water surface or indIrectly affect surface propertIes, field confirmation reqUIred

Disturbed areas which may contain bUrled waste CBln often be detected on aenal photographs
e TypIcal maximum depth, greater depths pOSSIble, but sensor placement is more difficult and cable lengths must be Increased
f For ferrous metal detection, greater depths reqUire larger masses of metal for detection, 100s of meters depth can be sensed when uSing

magnetometry for mapping geologiC structure

geophySical methods can reduce total costs by optimiZ
Ing the location of drillholes for more detalledl subsurface
charactenzatlon For thIS Situation, U S EPA (1987),
US EPA (1993b), and Chapter 1 of U S EPA (1993c)
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prOVide information that may be helpful In selecting
appropnate methods Table 5-5 Identifies the most com
monly used surface geophySical methods for charac
tenzlng aqUifer heterogeneity (Section 5 4 2)



Tablo 5-5 Summary of Methods for Characterizing Aquifer Heterogeneity

Method Properties Comments

Veltlcsl VarlaUons

Drill logs

Electric logs

Nuclear logs

Acousl.lc and seismic logs

Other logs

Packer Tests

Surface geophysics

Lateral Variations

Potenlometrlc maps

Hydrochemical maps

Tracer tests

Geologic maps and
cross-sections

Isopach maps

Geo!og1o structure maps

Surface geophysics

Changes In lithology
AqUifer thickness
Confining bed thickness
Layers of hlghllow hydraulic conductivity
VariatIons In primary porosity (based on
material deSCription)

Changes In lithology
Changes In water quality
Strike and dip (dlpmeter)

Changes In lithology
Changes In porosity (gamma-gamma)

Changes In lithology
Changes In porosity
Fracture characterization
Strike and dip (acoustic televiewer)

Secondary porosity (caliper,
teleVision/photography)
Variations In permeability
(flUid-temperature, flowmeters, smgle
borehole tracing)

Hydraulic conductIvity

Changes In lithology (reSistIVity, EMI.
TDEM, seismic refraction)

Changes In hydraulic conductlVJty

Changes In water chemiStry

lime of travel between points

Changes In formation thickness
Structural features. faults

Variations in aqUifer and confinmg layer
thickness

Stratigraphic and structural boundary
conditIons affecting aquifers

Changes In lithology (seismic)
Structural features (seismic, GPR.
gravity)
Changes In water qualltyl contaminant
plume detection (ER, EMI, GPR)

BaSIC source for geologic cross sections
DeSCriptions prepared by geologist preferred over those by
well drillers
Contmuous core samples Pi ovided more accurate
descriptions

ReqUire uncased hole and fluid-filled borehole

SUitable for all borehole condition (cased. uncased. dry, and
flUid-filled)

ReqUires uncased or steel cased hole, and flUid-filled hole

ReqUire open, fluid-filled borehole
Relatively inexpensive and easy to use

Single packer tests used durmg drilling, dOUble-packer tests
after hole completed

ReqUires use of vertical soundmg methods for electrical and
electromagnetic methods

Based on Interpretation of the shape and spacing of
eqUipotential contours

ReqUires careful sampling, preservation and analysis to
make sure samples are representative

ReqUires injection point and one or more downgradlent
collection points
Essential for mapping of flow In karst

Result from correlation features observed at the surface and
10 boreholes

Distinctive strata With large areal extent required

See Table 5-6

Interpretations require verrflcatlon uSing subsurface borehole
data

5.3.3 Geologic and Geophysical Well Logs

Geologic and geophySical well logs are essential for
developing a three-dImenSional picture of the subsur
face. Cliffs, road-cuts, river banks, and other areas
where vertical sections of subsurface matenals are ex
posed at the surface prOVide a good starting POint for
observing the character of bedrock and unconsolidated
deposits below the ground surface As noted In Section
5.2.2, the examination of well logs and records of other
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subsurface borings prOVides Information about the sub
surface In areas where exposures are not available
Often, additional dnillng IS reqUired to confirm tentative
mterpretatlons made from eXisting data or to fill In gaps
m coverage A hollow-stem auger With periodiC or con
tinUOUS core sampling With a thin-wail sampler IS usually
the best dnillng method In unconsolidated matenal
where accurate stratigraphiC informatIon IS reqUired In
bedrock, continuous diamond conng prOVides samples
that allow an accurate deSCription of changes In IIthol-



ogy These samples are especially valuable for Identify
Ing the presence and observing the character of frac
tures Chapter 2 In US EPA (1993a) plovldes more
detailed Information about the sUitability, advantages,
and disadvantages of different drilling and solids sam
pling methods

The collection of undisturbed or minimally disturbed
subsurface samples adds to the cost of drilling Drill
cuttings can be observed as they are blought to the
surface, allowing the development of les') precise de
scnptlve logs of vertical changes In subsurface lithology
The main difficulty In prepanng logs from cuttings IS that
It IS hard to know the exact depth from whlc,h they came
In either situation, a trained geologist or hydrogeologlst
should prepare the actual deSCriptive logs

Borehole geophySical logs can prOVide valuable addi
tional Information about subsurface geology, espeCially
when the dniling method does not recover Intact cores
Depending on the type or combination of logs that IS
used, a wide vanety of subsurface properties can be
charactenzed (1) Identification of the type dnd thickness
of strata WIthin a borehole, (2) correlation of strata be
tween boreholes, (3) measurement of mOisture content
In the vadose (unsaturated) zone, (4) measurement of
porosity and speCific Yield, (5) charactenzatlon of frac
tures, (6) Identification of zones of high pel meabillty, (7)
measurement of the direction of ground water flow, (8)
charactenzatlon of water quality

SpeCific logging methods may be restricted to certain
borehole conditions (e g , may reqUire an uncased, fluld
filled hole or a certain minimum diameter) Chapter 3 In
US EPA (1993a) proVides information on the applica
tions, borehole reqUirements, advantage~" and disad
vantages of more than 40 geophySical logging
teChniques Perhaps a half dozen are commonly used
In hydrogeological investigations, but many more have
potential value for particular situations Section 5 4 2
Identifies a number of methods that are particularly use
ful for charactenzlng aqUifer heterogeneity

5.3.4 Measurement ofAquifer Parsrmeters

Section 3 3 discusses methods for field measurement of
aqUifer parameters for use In analytical equations and
computer modeling for WHPAdelineation Most of these
methods can also be used as part of hydrogeologiC
mapping for locatmg aqUifer boundanes and charac
tenzatlon of aqUifer heterogeneity (Section 5 4 1 and
542)

5.3.5 Ground Water Chemistry

Valuable complements to mapping phy')(cal charac
tenstlcs of an aqUifer Include sampling ground water
from eXisting wells and/or new boreholes dnlled dunng
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hydrogeologiC mapping, measunng such parameters as
temperature, pH, and speCific conductance, and analyz
Ing for common dissolved constituents (nitrate, sulfate,
calCIUm, sodium, and bicarbonate) Uses of hydro
chemical data Include

• Dating of ground water uSing tritium or carbon-14
allows estimation of how recently an aqUifer has been
recharged Wells that pump recently recharged water
are more vulnerable to contamination than wells
where the water has been below the surface for hun
dreds or thousands of years

• Other chemical charactenstlcs, such as pH and diS
solved constituent concentrations, tend to change the
longer water IS In the ground, provldmg another indi
cator of how close a well IS to a recharge zone

• In karst areas, varying speCifiC conductance of
spnngs indicates that the spnngs are fed by different
parts of the subsurface flow system

• Multiple aqUifers In an area may have distinctive
chemlstnes In this situation, analyses of ground
water samples from wells can be used to determine
which aqUifer IS being tapped Samples With interme
diate chemical compOSitions may indicate mixing of
water In a well that penetrates several aqUifers

Ground water chemistry IS a useful indicator of hetero
geneity (Section 5 4 2) and IS useful for assessing the
presence and degree of confinement In a aqUifer (Sec
tion 5 4 3) An Important conSideration In hydrochemical
mapping IS that the samples should be representative of
conditions In the aqUifer at the location sampled In
addition, no chemical alterations of the sample should
take place as a result of samplmg, or between the time
that the sample IS taken and analyzed

5.4 SpeCial Considerations for Wellhead
Protection

HydrogeologiC mapping IS espeCially valuable as a com
plement to other WHPA delineation methods In the fol
lOWing areas (1) adjustments of WHPAs to account for
aqUifer boundanes (Section 5 4 1), (2) adjustments of
WHPAs based on aqUifer heterogeneity and/or aniso
tropy (Section 5 4 2), and (3) assessing the presence
and degree of confinement In aqUifers (Section 5 4 3)
HydrogeologiC mapping should be the pnmary method
for delineating WHPAs In fractured rock and unconfIned
karst aqUifers where a porous-medium apprOXimation
for ground water flow cannot be demonstrated Methods
for charactenzatlon and hydrogeologiC mapping In such
settings are discussed In more detail In Section 5 4 4



Checklist 5-1
Possible Aquifer Boundaries

Distance to well Within ZOC?*

BarrierBoundanes

__ VertlcaVSloplng

__ Impermeable crystalline rocks

__ Fault displacement

__ Honzontal**

Recharge Boundanes

__ Natural ground-water diVide (unconfined aquifer)

__ Areal recharge from preCipitation

__ Loosing stream

__ Lake, other surface water body

__Above water table

__ Surface expression of water table

__ Leaky conflnlng layer (downward flow)

__ Injection well

__Areal artificial recharge

Discharge Boundaries

__Gaining stream

__ Lake, other surface water body

__ Surfaoe expression of water table

__ Intenor drainage baSin

__ Leaky oonflnlng layer (upward flow)

__ Drainage dltchltlle drain

__ Other pumping wells

Yes No

• As defined by one or more of the sImple methods descnbed in Chapter 4
•• Impermeable geologic materials always form the base of an aqUifer, see Table 5-6 for cnteria for defining the extent to whIch

Impermeable confining layers represent boundanes to flow
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5.4.1 Delineation ofAquifer
Boundaries

Identification of aquifer boundaries IS an essential part
of Identifying a well's zone of contribution1 (ZOC)
Ground water divides upgradlent from a well can be
readily Identified uSing a potentiometric surface map
(Chapter 2) Section 2 1 6 discusses other major types
of aquifer boundaries Checklist 5-1 can be used to
Identify possible aquifer boundaries that may affect a
well Figure 2-7 provides Illustrations of most of these
types of boundaries Determining the distance from the
boundary to the well will help Identify thosE~ boundaries
that might be most significant for purpos(~s of WHPA
delineation

Additional analysIs uSing simple analytical methods for
calculating drawdown (Section 4 5) may b(~ required to
determine whether an aqUifer boundary actually func
tions as a boundary to the well's zone of contribution
For example, a stream downgradlent from a well would
represent a potential boundary, but If the distance to the
null POint uSing the Uniform flow equation (Section 4 5 1)
does not extend to the stream, then the null POint, not
the stream, would mark the downgradlent limit of the
zone of contribution 2 Similarly, an Impermeable bound
ary that lies outSide the upgradlent ZOC indicated by the
Uniform flow equation would not be a boundary to the
ZOC

If a bamer or discharge boundary hes wlthm a WHPA
defined by one or more of the Simple methods covered
In Chapter 4, a WHPA can be reduced based on the
hydrogeological mapping of the boundary (prOVided that
the boundary has been or can be defined with some
precIsion) The presence of a recharge boundary within
a well's zone of Influence (ZOI) based on calculation of
drawdown may reqUIre modification of the boundaries of
the ZOC For example, If a lOSing stream lies within the
ZOI, then the entire upstream drainage baSin of the
stream lies within the ZOC of the well On the other
hand, as discussed In Section 4 4, any recharge In the
ZOC of a well serves to Increase the time of travel from
more distant POints In the ZOC While this means that
travel of contaminants from more distant sources IS
slower, the presence of one or more recharge bounda
ries Within a WHPA IS an indicator of Increased vulner
ability to contamination In areas nearer the well

1 Exceptions Include (1) wells located m unconfined aqUifers where
the potentIometric -surface IS nearly flat and the zone of mfluence does
not extend to a vertical Impermeable aqUifer boundalY, and (2) wells
In highly confined aqUifers that are far from the recharge zone and m
which faUlting has not caused vertICal displacement (If sediments
2 If the null pomt IS wlthm several hundred feet of thl~ stream, some
conSideration should be given to the pOSSibility of backwater effects
dUring floodmg on the zoe (Section 2 3 2)

101

5.4.2 Characterization ofAqUifer
Heterogeneity and Anisotropy

As discussed In Section 2 1 3, aqUifer heterogeneity and
anisotropy are Important conSiderations In delineation of
wellhead protection areas USing an average value for
hydraulic conductiVity In any of the Simple methods
covered In Chapter 4 Will underestimate the time of
travel or zone of Influence based on drawdown, because
contaminants Will travel faster In fractures or layers of
higher permeability, If they are present AqUIfer anisot
ropy or heterogeneity can result In Incorrect delineation
of WHPA boundaries based on potentiometric maps and
flow net analySIS (Section 22) Figure 2-12 Illustrates
this effect In an anisotropic aqUifer, and Figure 2-19
shows how this can happen In a heterogeneous aqUifer
Consequently, a major purpose of hydrogeologiC map
ping for wellhead protection should be to assess the
presence and degree of variability of hydrologiC proper
ties vertically and laterally Methods for measuring an
Isotropy (variations In vertical and hOrizontal hydraulic
conductiVity at a particular location) are discussed In
Section 335

Any method that allows measurement or qualitative ob
servation of the Similarities and differences In a particu
lar aqUifer characteristic In a vertical or hOrizontal
direction allows assessment of whether an aqUifer IS
homogeneous or heterogeneous Table 5-5 summarizes
a number of field methods that are commonly used or
espeCially well SUIted for thiS purpose Drill logs and
geophySical borehole logs allow assessment of vertical
changes In lithology, POroSity, and permeability Packer
tests allow measurement of variations In hydraulic con
ductiVity at different Intervals Surface geophySical
methods, such as seismiC refraction, seismiC reflection,
and electrical reSistiVity soundings, also allow less pre
cise mapping of vertical changes In lithology

An accurate potentiometric surface map (Chapter 2) IS
one of the most valuable ways to evaluate aqUifer het
erogeneity Hydrochemical maps also proVide Informa
tion that can be speCifically related to the hydrogeology
of an area Tracer tests (Section 3 3 3) may indicate
whether fracture flow or zones of high permeability eXist
ThiS IS indicated when the time of travel of the tracer IS
faster than the time of travel calculated from estimated
aqUifer properties or values measured by well tests
GeologiC cross-sections, Isopach maps, and structural
maps, which are generally based on interpolations be
tween borehole logs, allow assessment of lithologiC vari
ations Surface geophySical methods allow relatively
rapid measurement of lateral variations In lithology,
structure, and water quality where no better subsurface
Information IS available However, some Verification With
subsurface borehole data IS reqUired

Geostatlstlcal methods, Originally developed for charac
terizing minerai ore bodies, have been found to be



Increasingly useful tools for charactenzlng the vanability
of aquifer parameters (Delhomme, 1979, Hoeksma and
I<ltandls, 1985) Poeter and Belcher (1991) recently de
scribed a method for characterizing porous medium het
erogeneity by "Inverse plume analysIs," In which the
spatial distribution of contaminant concentrations IS
used to evaluate variation In aquifer properties Both of
these approaches, however, require a relatively high
density of subsurface observations, which may not be
available In potential wellhead protection areas SpeCial
approaches to aqUifer characterization are typically re
qUired In fractured rock and karst limestone aqUifers, as
discussed In Section 5 4 4

5.4.3 Presence and Degree of Confinement

The presence and degree of confinement has a Signifi
cant Impact on the vulnerability of an aqUifer to contami
nation and the size of the WHPAfor a given time of travel
or drawdown criterion (Sections 4 4 and 4 5) Figure 5-3
shows the location of major and Significant minor con
fined aquifers In the contiguous United States Methods
for evaluating these aqUifer properties can be broadly
classified as (1) geologic, (2) hydrologiC, and (3) hydro
chemical. Table 5-6 Identifies 15 indicators of confine
ment and the characteristics that are associated With
highly confined or semlconflned conditions Kreltler and
Senger (1991) provide more detailed diSCUSSion of
these methods.

5.4.4 Characterization ofFractured Rock
and Karst Aquifers

Where fracture or condUit flow (Section 21 4) occurs In
an aqUifer, speCial care and techniques are reqUired for
delineating wellhead protection areas Figure 5-4 Iden
tifies major areas of the United States and associated
terntorles where unconfined fracture flow IS Significant,
and Figure 5-5 Identifies major karst areas of the con
tiguous United States and other areas where carbonate
rocks are at or near the surface The term "fractured
rock" aqUifer In thiS manual refers to areas where most
of the water supplied to a pumping well comes from
fractures With suffiCiently narrow apertures that Darclan
flow (Section 3 1 3) occurs Common geologiC settings
where fractured rock aqUifers occur Include crystalline
intrusive Igneous (I e ,granites) and metamorphic rocks,
basalts, and some carbonates

The term "karsf' aqUifer In thiS gUide refers to carbonate
aqUifers where condUit flow IS an Important component
of the ground water flow system As shown In Figure 5-5,
not all carbonate rocks (limestone and dolomite) are
karst aqUifers However, whenever carbonate aqUifers
are present, either fracture or condUit flow should be
assumed

The fundamental objective of hydrogeologic mapping In
fractured rock and karst aqUifers should be to Identify
(1) the boundanes of the flow system, and (2) the struc
ture of the flow system The rest of thiS section prOVides

Scale I 14,000,000
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Agure 5-3. Major and significant minor confined aqUifers of the United States (Kreitler and Senger, 1991)
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Table 5-6 Indicators of Presence and Degree of Confinement

Information Source Highly Confined Semlconflned (Leaky)

GeologIc

Geologic maps and cross-sections

Environmental geologic and
hydrogeologic maps

Presence of continuous, unfractured,
confining strata (clays, glacial till, shale,
siltstone)

See above

Evidence of vertical permeability in confining
strata (fracture traces, faults, mineralization or
oxidation of fractures observed in cores)

Presence of artificial penetrations (abandoned
or producing 011 and gas wells, water wells,
exploration boreholes)

Hydrologic

Water level elevation (single well)
of potentlometnc surface

Hydraulic head differences
between aquifers

Water level fluctuations
(continuous measurement)

Hydrologic measurements In
confining strata

Pump test for storatlvlty

Pump test for leakage

Numerical modeling

Above the top of the aquifer (not
diagnostic for differentiation of highly and
seml-COnfln(3d aquifers)

Large head difference In water levels
measured m wells cased in different
aquifers (not diagnostic for differentiation of
highly and &emlconflned aquifers)

Short·llved .md diurnal fluctuations In
response to changes In barometnc
pressure, tidal effects, external loading
(Table 2-1), no response to recharge
events

No changes. m water levels In response to
pumping, diurnal but not seasonal water
level fluctuations (see above)

Storatlvlty IEISS than 0 001

Pump drawdown vs time curve matches
analytical solutlon(s) for highly confmed
aquifer Estimated or calculated leakage
less than 10-3 gaVday/tt2

Simulation ()f potentiometric surface
possible Without estimates of leakage, or
required estimates are low (see above)

Same

'-
Same

Similar to highly confined aqUifer, but may also
exhibit relatively large and rapid response to
recharge events because of leakage through
discrete pomts

Changes in water levels in response to
pumping, seasonal water-level fluctuations In
response to seasonal vanatlons In precipitation

Between 001 and 0 001 (not diagnostic)

Pump drawdown 'Is time curve reqUires use of
analytical solution for lea~ aqUIfer Estimated
or calculated leakage 10 2 to 102 gaVday/tt2

Simulation of potentlometnc surface requires
use of large leakage values

Contaminants

Isotope chemistry

Anthropogenic atmospheriC tracers

Hydrochemistry

General water chemiStry

Qualifies as confined usIng other cnterla, and
contaminants detected In aqUifer

Qualifies as confined uSing other criteria, but
chemical characteristics more Similar to ground
water In recharge zones

Detectable concentrations of tntlum or
fluorocarbons (less than 40 years old)

See above

Head declines from long term pumping have
resulted In changes In water chemistry
Indicators of vertical leakage (see above)

lime of travel through confining strata < 40
years based on calculations or presence of
tntlum or fluorocarbons

Chemical characteristics Indicative of long
distance from recharge area
(reglon-spe{Aflc)

No detectable tritium or fluorocarbons In
ground water

Carbon-14 dating of water samples
Indicates age> 500 years

No detectable concentrations of potential
contaminants Identified by Inventory of
potential contaminant sources

Changes In water chemistry over Head declines from long-term pumping
time have not resulted In changes In water

chemIstry indIcators of vertical leakage

lime of travel through confining lime of travel calculations based on
strata measured or estimated values of

difference In hydraulic head, porosity and
hydraulic conductNlty exceed 40 years

Source Adapted from Kreltier and Senger (1991)

an overview of major methods for charaGtenzlng the
boundanes and structure of fracture rock and karst
systems Table A-2 prOVides an extensive list of major
references on karst geology, geomorphology, and
hydrology where more detailed mformatlon can be
obtained

The pnmary method for mapping the boundanes of an
unconfined fractured rock or karst aqUifer IS dye tracing
(Section 3 3 3) In karst aqUifers thiS IS the only rehable
method because condUit flow systems often do not fol
low surface water drainage systems For example, Bon
accI and Zlvaljevlc (1993), uSing dye tracing and a water
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Figure 5·5 DIstributIon of karst areas In relatIon to carbonate and sulphate rocks In the United States A = Atlantic and Gulf Coastal
Plain region, B =east-central region of PaleozoIc and other old rock, C =Great Plains regIon, D =western mountain
region, 1 = karst areas, 2 = carbonate and sUlphate rocks at or near the surface (from DavIes and LeGrand, 1972)

budget of a large spnng In the Dlnanc karst of Montene
gro, found the catchment area to be 76 to 79 km2, while
hydrogeologic mapping based on geology and topogra
phy indicated a catchment area of 120 to 170 km2 3

Significant differences In flow direction may occur In
karst aqUifers depending on whether low-flow or hlgh
flow conditions eXist Again, such changes can only be
accurately determined uSing dye tracer tests For exam
ple, low-flow and high-flow tracer tests were conducted
by Injecting dye Into several wells In the VICInity of
Lemon Lane landfill, a Superfund site contaminated With
PCBs The landfill IS located on a topographic diVide In
a karst area where more than 30 spnngs have been
Identified Within a mlle-and-a-half radiUS of the landfill
(Figure 5-6a) A low-flow tracer test conducted In 1987
found that most water infiltrating In the VICInity of the
landfill flowed In a southeasterly direction, but some also
flowed to the northeast (Figure 5-6a) A high-flow tracer
test, conducted two years later, found that most flow was
stili In a southeasterly direction, but that some flow

3 Note that the hydrogeology of karst terranes of the former Yugosla
VIa are generally very different from karst areas In North Amenca In
the United States, catchments In karst areas typically are larger than
would be expected based on an analySIS of surface topography
4 Fracture trace analySIS Will not necessarily Identify major condUits
In karst aqUifers, however, because these may follow bedding planes
WIth no surface expression
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occurred In all directions, With dye being detected In
essentially all of the spnngs In the area (Figure 5-6b)

A vanety of methods are available for charactenzlng the
structure of fractured rock and karst flow systems
These can be broadly claSSified as (1) remote sensing,
surface, and borehole geophySical metilOds, (2) mOnl
tonng of natural fluctuations of water levels In wells and
their response to pumping, and (3) mOnltonng of diS
charge and chemistry of spnngs

5 4 4 1 Remote Sensmg and GeophySical Methods

Fracture trace and lineament analySIS uSing air photos
(Section 52 3) IS a useful starting pOint for,ldentlfylng
pOSSible areas of concentration and preferential direc
tion of ground water flow 4 Other remote sensing meth
ods, such as near-Infrared and thermal Infrared
scanners, which detect vanatlons In near-surface mOIs
ture, may also be useful for mapping the location of
Sinkholes and fracture trace analySIS (LaMoreaux,
1979) Such observations should be supplemented,
where pOSSible, With observation and analySIS of the
character and onentatlon of rock JOint and fracture pat
terns at surface outcrops (LaPOinte and Hudson, 1985)

A number of commonly used surface geophySical meth
ods have potential applications for detection of subsur-
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Figure 5-7 Mapping of subsurface conduit using self-potential
method (from Karous and Mares, 1988)

face cavities In karst areas, including gravity, electncal
resistivity, seismiC, and ground-penetrating radar
(Greenfield, 1979) Karous and Mares (1988) provide
detailed treatment of use of geophysical methods for
charactenzlng fractured-rock aqUifers, Including some
methods that are less commonly known For example,
Figure 5-7 Illustrates how a conduit feedmg a karst
spnng can be mapped uSing self-potential measure
ments In this example, the current electrode A was
grounded at the spnng onflce, and potentlal(~ measured
along transects I through IV Figure 5-8 Illustrates how
repeated seismic velOCity measurements at different on
entatlons around a sIngle POint provide an indication of
the onentatlon of major fractures In this el<ample, ve
locities have been plotted on a polar diagram, with the
Inferred direction of major fractures based 011 the higher
velOCity measurements Azimuthal resistIVIty, In which a
senes of reSistivity measurements are taken by shifting
the position of the electrodes around a Single POInt, IS
another possible method for detecting fracture onenta
tlon (Rltzl and Andolesk, 1992)

Borehole geophysical methods provide a necessary
complement to surface geophysical and other charac
tenzatlon techmques Acoustic teleViewer, borehole tele
VISion, and dlpmeter logs are espeCially useful for
determining the location and onentatlon of subsurface
fractures Fracture zones can also be detected uSing
borehole flowmeters (mechamcal, thermal and the re
cently developed electromagnetic flowmeter) With or
Without pumpmg 8mgle borehole and multiple well

N
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5 In the context of wellhead protection, even If a fractured rock or karst
aqUifer can be modeled usmg porous medIum flow assumptions,
results should be mterpreted With great caution Values of hydraulIc
conductiVIty calculated from such aqUifer tests will reflect average
values, whereas actual ground water flow velOCIties WIll be much
higher For example, QUinlan et al (1991) CIte a tracer test m the
Flondan aqUIfer usmg two wells 200 feet apart The theoretical arnval
tIme of the Injected dye, based on geophYSical logging and aqUifer
testing, was about 40 days Actual breakthrough time was 5 hours

54 4 2 Water Level MOnitoring

In unconfIned fractured rock and karst aqUifers, water
levels In wells InterceptIng fractures or condUIts com
monly show relatively large fluctuations In response to
preCipitation events (see Figure 2-6) Dunng times of low
flow, large differences In water levels In nearby wells
serve as an Indicator of low matnx permeability (the well
With higher water levels) and fracture or condUIt flow In
the well With the lower water levels

The response of water levels to pumping proVides a
basIs for Judging whether the flow system functions as
a "porous medium eqUlvalenr (I e , the aqUifer can be
modeled as If It were flowmg In a porous medium, even
though flow In fractures IS occurnng) 5 Figure 5-9 Illus
trates three types of aqUIfer responses to pumpmg that
indicate a porous medium model should not be used for
charactenzlng an aqUifer Granular aqUifers (and frac
tured-rock aqUifers where fractures are relatively small
and evenly spaced) Will generally show a linear relatlon-

tracer tests ar useful for charactenzIng the flow at a
more local scale AdditIonal information on the surface
and borehole geophysical methods mentioned here can
be found In U 8 EPA (1993) Table 3-10 Identifies a
number of additional references charactenzlng fractured
rock aqUifers

Figure 5-8 Azimuthal seismic survey to characterize direction
of subsurface rock fractures (from Karous and
Mares, 1988)
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FIgure 5-9. PumpIng-test response IndIcators of fracture/conduIt flow (a) discharge drawdown plots (after Hickey, 1984), (b) time
drawdown curves (from Davis and DeWiest. 1966), (c) areal drawdown distribution (Bradbury et ai, 1991)
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ship between drawdown and pumping rate, whereas
aqUifers where fracture flow IS significant may show a
leveling off response In drawdown as pumping rates
Increase (Figure 5-9a) The presence of large water
bearing fractures IS indicated by a temporary leveling off
In a drawdown versus time plot (Figure 5-9b) Finally, If
major fractures are feeding a well, the cone of depres
sion may depart Significantly from a circular or elliptical
shape (Figure 5-9c) Non-porous medium eqUivalent
responses In aqUifer tests reqUire use of the appropriate
fracture-flow analytical solutions for analyZing pump test
data (see Section 335 and references In Table 3-10)
All of these responses can also be Indicative of condUit
flow In carbonate aqUifers

5 4 4 3 Spring Momtormg

A distinctive characteristic of near-surface karst hydro
logic systems IS that springs serve as dlsclharge POints
for subsurface flow Much useful mformatlon about a
karst aqUifer can be obtained by mOnitoring the amount
and chemistry of flow from a spring Kreslc (1993) pro
Vides a review of methods for spring hydr09raph analy
SIS and statistical analySIS of time series mE'asurements
of flow from springs and water level measurements In

wells With antecedent SOil mOisture conditions bemg
equal, a rapid Increase In discharge from a spring In
response to a preCipitation event indicates that POint
recharge IS a major component of subsurface flow,
whereas a relatively small flow response mdlcates that
dispersed recharge contributes most of the flow to a
spring Quantitative interpretations of spring hy
drographs reqUire continuous records of both spring
discharge and preCipitation In the catchment area

SpeCifiC conductance, an eaSily measured ground water
parameter, IS Widely used for charactenzlng karst aqUi
fers Where multiple springs are present In an area,
springs With Similar speCifiC conductance can be conSid
ered to be closely Interconnected, while large differ
ences In speCifiC conductance indicate that the flow
systems feeding the springs are largely Independent
Monrtorlng of changes In water chemistry With changes
In spnng discharge IS also a useful way to characterize
karst aqUifers SpeCifiC conductance IS the parameter of
chOice because It IS easy to measure and can be mOni
tored continuously (Qumlan et al , 1992b) Other pa
rameters such as hardness, degree of saturation With
respect to calCite and dolomite, and the CalMg ratio can
also be used A high coeffiCient of variation of speCifiC
conductance (CVC) indicates that pomt re'charge IS a
major contnbutor to flow, whereas a low CVC indicates
that most recharge comes from dispersed sources
QUinlan et al (1992b) suggest the followmg provIsional
gUidelines usmg CVC as a measure of aqUifer vulner
ability as defined In Figure 5-6 moderately senSitive =
<5 percent, very senSitive =5 to 10 percent, hypersen
sitive =>10 percent
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A Cautionary Note Footnote 5 discusses the pOSSible
nsk of uSing porous-medIUm analytical models for de
IIneatll1g WHPAs 111 fractured rock or karst areas, even
If aqUifer test data suggest that flow behaVior approxI
mates that In a porous medium The results of any
methods used to quantify storage properties or hydraulic
conductiVity m fractured rock and karst aqUifers de
scnbed above must be evaluated 111 the context of the
volume of the aqUifer that IS being measured As noted
111 Section 3 3, values for hydraulic conductiVity tend to
II1crease as larger volumes of an aqUifer are measured
ThiS effect IS particularly dramatic In karst aqUifers Fig
ure 5-10a shows the effect of scale from laboratory core
measurements (centimeters) to regional (thousands of
meters) on the storage coeffiCient (S) and hydraulic
conductiVity (K) m the Swablan Alps of southwestern
Germany Measurements of K range over SIX orders of
magnitude Figure 5-10b, which summanzes data from
many different studies In karst areas, shows an even
Wider range of eight orders of magnitude for the pre
dommant ranges of major methods for estlmatmg aver
age velOCity (laboratory core, double packer tests, slug
tests, pumping tests, and dye tracer tests) These fig
ures make It clear that time of travel estimates used for
WHPA delineation In karst aqUifers based on any meth
ods other than dye tracer tests are unlikely to prOVide
adequate protection

5.5 VUlnerability Mapping
Ground water vulnerability mappmg II1volves the deline
ation of areas of varying susceptibility to ground water
contamination based on the II1teractlon of charac
tenstlcs that promote or Inhibit movement of contami
nants m the subsurface Ground water vulnerability
maps may be developed as speCifiC Units wlthm a
broader scheme of ground water claSSification, or may
Just delmeate highly vulnerable areas Without paYing
speCial attention to the characteristics of non-vulnerable
areas

Figure 5-11 Illustrates WHPAs based on an arbitrary
radiUS and Simplified shape marked on a vulnerability
map of Door County, Wlsconsm When vulnerability
mappmg IS performed, efforts to II1ventory potential con
tamll1ant sources can be focused on areas where the
hazard IS greatest Vulnerability mappmg also allows
fme-tunlng of management approaches Within the
WHPA Highly vulnerable areas require stncter manage
ment approaches than less vulnerable areas The rest
of thiS section reviews a number of approaches that
have been developed for vulnerability mapping

5.5.1 DRASTIC

DRASTIC IS a Widely used method for evaluating the
relative vulnerability of mappable hydrogeologiC unrts to
ground water contammatlon DRASTIC IS an acronym
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Figure 5-11 WHPAs at Sevastopol site, Door County, Wiscon
sin, based on fixed radius, simplified shape, and
vulnerability mapping (from Bradbul'lf et ai, 1991)

for the seven factors for which numencal ratings are
made to develop an Index of vulnerability to ground
water contamination Depth to water table, net Re
charge, AqUifer media, Soil media, Topography (slope),
Impact to vadose zone, and hydraulic Conductivity of
the aqUifer Conventional hydrogeologic mapping meth
ods are first used to delineate areas With Similar charac
tenstlcs A numencal value IS given to each of the seven
factors, which are multiplied by a weighting factor and
added to obtain the DRASTIC Index for the map unit
Worksheet 5-2 provides a form for calculating the
DRASTIC Index AppendIx B provides a more detailed
descnptlon of how to use this method With a SCS coun
try SOil survey to qUickly develop a preliminary DRASTIC
map of a county

The DRASTIC Index does not have any absolute mean
Ing, but proVides a means to assess relative vulnerabil
Ity A DRASTIC Index of greater than 150 IS one means
of defining a hIghly vulnerable aqUifer under EPA's
ground water protection strategy (U S EPA, 1986a)
The DRASTIC Index has been found to give inconsistent
results In karst areas where the water table IS relatively
deep (Sendleln, 1992), and In the and Tucson baSin,
Anzona, for reasons that are not entirely clear (Pima
Assoclatton of Governments, 1992) Both of these stud
Ies suggest that the relatively high weighting given to

5.5.2 Other Vulnerability Mapping Methods

Various other methods have been developed for vulner
ability mapping They can be broadly classifIed as (1)
systems usmg numerical ratings (as With DRASTIC) and
(2) non-numerical systems In which map Units may be
numbered m order of mcreaslng vulnerability, or claSSI
fied as highly vulnerable and less vulnerable Table 5-7
descnbes a number of vulnerability mappmg techniques
and summarizes the type of criteria used Knox et al
(1993) Include tables summarlzmg criteria for the SAFE,
WSSIM, HRS, SRM, and PI methods Perhaps the sim
plest appllcatton of vulnerability mapping for wellhead
protection IS to develop criteria based on local condi
tions for defmlng highly vulnerable hydrogeologiC set
tmgs (Figures 5-6 and 5-12) The DRASTIC crltena 10

Worksheet 5-2, the mformatton m Table 5-7, and the
references mdexed 10 Table 5-9 may be useful for devel
oping locally appropriate vulnerability cntena

depth to water may understate the potential for contami
nation when preferential pathways allow relatively rapid
vertical migration to deep water tables Another weak
ness In the DRASTIC Index IS that IS that It does not
readily allow differentiation of shallow perched water
tables over deeper regional water tables

DRASTIC, like many other vulnerability assessment
models, has techmcal limitations It must be remem
bered that It IS a standardized classification system and
only Intended to provIde qualitative guidelines Its focus
IS on criteria rather than specific or umque Situations In
an area According to Rosen (1994), DRASTIC was
never intended to give any precise answers, and the
system should be viewed and analyzed With thiS In mmd
Rosen (1994) found In hIS work, as an example, that the
system tends to overestimate the vulnerability of porous
media aqUifers compared to aqUifers In fractured media
He recommended that the applicability of the results be
enhanced and the nsk of misuse be reduced by dlrectmg
the analySIS toward more sCientifically defmed factors,
such as sorption capacity, travel time, and dilution

5.6 Use of Geographic Information
Systems for Wellhead Protection

Geographic mformatlon systems (GIS) use a common
spatial framework for data mput, storage, manipulation,
analySIS, and display of geographic, cultural, political,
enVIronmental, and statistical data Computer process
Ing of spatial data can range from the use of relatively
Simple graphiCS software that can plot contours or
Isopleths from data for whIch x and y coordinates are
known uSing ASCII or other dataflles, through to com
plex systems that can process digitized map data, maln
tam and manipulate large spatial databases, and
generate a Wide variety of user-created tables, graphs,
and maps (FIgure 5-12) ThiS handbook uses the term
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Worksheet 5-2.
DRASTIC Worksheet (Circle appropriate range and ratmg).

County _ State _

Genual Soli Map Unit Number __

General D~ptIon

4. Soli Media 5 Topography (%)

Type Rating Range Ratmg

Thllll 0-2 10
Absent 10 2-6 9

Gravel 10 6-12 5
Sand 9 12-18 3
Peat 8 18+ 1
Strudured
aay 7

Sandy Loam 6
Loam 5
Silty Loam 4
aayLoam 3
Muck 2
MlISSlvc
aay 1

7. HydraulIc ConductiVIty
(gpd/sq it)

Range Rating

1·100 1
100-300 2
300-700 4
700-1,000 6
1,000-2,000 8
2,000+ 10

1 Depth to Water (ft) 2 Net Recharge (m) 3 AquIfer Mecba

Ratmg

'IYPe Range 'IYPlcal Actual

Masstve Shale 1·3 2
MetamorphlC:/lgneous 2-5 3
Weathered MIl 3-5 4
Glaetal TIn 4-6 5
Bedded SSILS/Shale 5-9 6
Masstve Sandstone 4-9 6
Masstve Lunestone 4-9 6
Sand and Gravel 4-9 8
Basalt 2-10 9
Karst Lunestone 9·10 10

6 Vadose Zone Mecba

Ralmg

'IYPe Range 'IYPlcal Actual

Olnfinmg Layer 1 1
Silt/Cay 2-6 3
Shale 2-5 3
umestone 2-7 6
Sandstone 4-8 6
Bedded LS/SS/Shale 4-8 6
Sand and Gravel With
SIg Silt and Cay 4-8 6

Metamorphlc/lgneous 2-8 4
Sand and Gravel 6-9 8
Basalt 2-10 9
Karst umestone 8-10 10

x5=
X 4 =<
x3=
x5=<
x3 =
x4 =
x 2 =<

Pestlade Ratmg x Weight =<

Total

1
2
3
4
5
6
7

•

x5=
x4=<
x 3 =<
x2=
xl=
x5=<
x 3 =<

Total

Rating x Weight =

DRASnc Index:

1
2
3
4
5
6
7

Ratmg

1
3
6
8
9

Range

Q.2
2-4
4-7
7-10
10+

10
9
7
5
3
2
1

RatingRange

Q.5
5-15
15-30
3O,S0
5Q.75
75·100
100+

• Aqwfers With DRASTIC ratings >150 are considered to be "highly vulnerable" by EPA
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Table 5-7 Summary of Major Ground-Water Vulnerability Mappmg Methods

Description

The DRASTIC method can be
applied In any hydrogeologic setting
Results In a numencal Index based
on the sum of weighted ratings for
seven cnterla Most widely used
method

illinOIS ground water aquifer
vUlnerability maps and geographic
information system Subsurface
geologic data to a depth of 50 feet
has been digitized to develop a
state-wide stack-unit map

Karst limestone areas are highly
vulnerable by deflnltlon because
conduit flow allows rapid travel of
contaminants Several schemes
provide more detailed crltena for
assessing relative vUlnerability

Vulnerability to contamination by
agricultural chemicals Vanous
vUlnerability indexes have been
developed

Numerous schemes have been
developed to assess site sUitability
for solid/hazardous waste land
disposal siting or nsk from currently
contaminated sites Such sUitability
ranking systems can also be used to
assess ground water vulnerability

General ground water classificatIOn
schemes

Major Vulnerability Criteria

See Worksheet 5-2 Highly vulnerable =>150
(U S EPA, 1986a)

Has been used for a vanety of applications
Uhlman and Smith (1990) defined 8 classes for
LUST contamination potential based on depth to
uppermost aquifer and presence or absence of
major aqUifer at depth Highly vulnerable aqUifer
matenal Within 5 feet of land surface, vanable
underlying matenals and major aquifer at depth

QUinlan et al (1992b) hypersensitive = high POint
recharge, high condUit flow, low soli storage
(Figure 5-6) Schuster et al (1989), highly
vulnen~ble =shallow or exposed fracture dolomite
bedroC'k, permeable solis, open surface fractures,
sinkholes (Figure 5-12)

DRAS TIC pestiCide Index places greater weight
on soli media and topography (Worksheet 5-2)
RAVE Index (Deluca and Johnson (1990) uses a
numerical Index based on depth to ground water,
sod teldure, percent organic matter, topographic
pOSItIOn, distance to surface waster, cropping
practice, pestiCide application frequency/method,
and pestiCide leaching Index Scores >60
indicate high concern

LSR (landfill site rating) system uses (1) hydraulic
condu<.tlvlty, (2) sorptIOn, (3) aqUifer thickness, (4)
depth and gradient of water table, (5)
topography), (6) distance to wells or streams
High SUitability =low vUlnerability to ground water
contammatlon Low sUitability = high vulnerability
to ground water contammatlon Each method has
slightly different criteria

Cntena varies depending on the objective of the
claSSification scheme

References

Aller et al (1987) Case studies
See Table 5-9

See Table 5-9

QUinlan et al (1992b), Schuster et
al (1989), SendIeIn (1992)

Others Include the PestiCide Index
(PI)-Rao et aI (1985), US EPA
(1986d), SAFE (Soli/AqUifer Field
Evaluatlon)-Roux (1986), See
Table 5-9 for additional case study
references

LSR LeGrand (1964, 1983),
LeGrand and Brown (1977), HRS
(Hazard Ranking System) Caldwell
et al (1981), SRM (Superfund Site
Rating Methodology) Kufs et al
(1980), US EPA (1989, 1991c),
SIA (Surface Impoundment
Assessment method) Sllka and
Sweanngen (1978), U S EPA
(1983), WSSIM (Waste-Sod-Slte
Interaction Matnx) Phillips et al
(1977)

General US EPA (1985, 1986a),
Sale aqUifer program U S EPA
(1988b)

"full-scale GIS" to refer to the type of Integrated system
Illustrated In FIgure 5-12, and "mini-GIS" to refer to
personal computer (PC)-based software that IS able to
perform most of the functions of full-scale GIS at the
scale of a USGS 75 minute quadrangle (discussed
further In Section 5 6 2) as an Integrated package 6 The
term "desktop" GIS applies to the use of Independent
pieces of PC-based software to achieve the same re
sults that full-scale and mini-GIS systems perform ThiS
section prOVides a brief diSCUSSion of use of GIS for
wellhead protection Tables A-3 (Index to Major Refer-

6 The geographiC area that would exceed the capabdltles of a stand
alone PC depends on two maIO factors (1) the storage and memory
capacity of the computer, and (2) the amount and number of layers
of data that must be stored and processed Most stand-alone PCs
can readily handle a digitized USGS 7 5 minute quadrangle map and
the kmd of data that would be reqUired for WHPA delineation
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ences on GeographiC Information Systems) and A-4
(PeriodIcals, Conferences, and Symposia With Paper
Relevant to GIS) should be referred to for sources of
more detailed information on GIS

Pickus (1992) Identifies SIX major areas where GIS can
support delIneation of wellhead protectIon areas (1)
conceptualization of the regIonal and local hydro
geologiC flow system (thiS Chapter), (2) delineation of
wellhead protectIon areas uSing geometric and Simple
analytIcal methods (Chapter 4), (3) development of
maps to aid In development and management of well
head protection areas (Chapter 7), (4) geological and
geophySIcal mapping (thiS Chapter), (5) development of
model parameters for numerical modelIng of ground
water flow and solute transport (Chapter 6), and (6)
integration of Simulation results (Chapter 6) EssentIally
all of these areas can be supported uSing either full-



Tabl. 5-8 Index to Major References on Hydrogeologic Mapping

Toptc References

AlrPhotolMap
IntorpretaUon

Data
SourceslManagement

Hydrogeologic Mapplng

Geologic Mapping

Geophysical Methods

Karst

GIS case Studies·

Avery (1968), ClClarelll (1991), Denny et al (1968), Dury (1957), Lattman and Ray (1965), Lillesand
and KJefer (1979), Lueder (1959), Miller and Miller (1961), Ray (1960), SCS (1973), Strandberg
(1967), Verstappen (1977)

ClimatIC' Hatch (1988), Ground Water Data Orr (1984), Rowe and Dulaney (1991), US EPA
(1990b), Minimum Data ReqUirements for Ground Water US EPA (1988a, 1992c), STORET
Blake-Coleman and Dee (1987), US EPA (1985b, 1986c), Locatlonal Data PolIcy US EPA (1992a,
1992b)

TextS' Brasington (1988), Brown et al (1983), Erdelyl and Galfl (1988), Fetter (1980), Kolm (1993),
UNESCO (1970, 1975, 1977), US EPA (1990a), US EPA (1991a, 19930), US Geological Survey
(1980), Walton (1970), see also references in Appendix A 1, PaperS' Kempton and Cartwright (1984),
LaMoreaux (1966), Meyboom (1961), Pettyjohn and Randlch (1966), Scheidegger (1973), Thomas
(1978a, 1978b), Warman and Wiesnet (1966), Charactenzatlon of Heterogeneity Delhomme (1979),
Gelher (1993), G6mez-Hernandez and Gorelick (1989), Hoeksma and Kltandls (1985), Jury (1985),
Philip (1980), Peeter and Belcher (1991)

Bishop (1960), Compton (1962), Lahee (1961), Low (1957), Moore (1991), Teanng (1991), US EPA
(1991b), Fractured Rock Charactenzatiorr Bradbury et al (1991), Karous and Mares (1988),
laPointe and Hudson (1985), Panzek (1976), UNESCO (1984)

Generat US EPA (1987, 1993b), Karst/Fractured Rock' Karous and Mares (1988), Dobecki (1990),
Greenfield (1979), LaMoreaux (1979), Rltzl and Andolesk (1992)

Bonacci and Z1valjevlC (1993), Kreslc (1993), McCann and Krothe (1992), Quinlan et al (1992a,
1992b), Sauter (1992), see also AppendiX A 2

EPA ProJectS' Fenstermaker and Mynar (1986a, 1986b), Wellhead Protectlorr Baker et al (1993),
Brandon et al (1992), Kerzner (1990a, 1990b), Rlfal et al (1993), Steppacher (1988), Varljen and
Wehrmann (1990), Zidar (1990), Ground Water VulnerabIlity Mappmg Barrocu and Blallo (1993),
Sokol et al (1993)

See Tables A-3 and A-4 for major general references on GIS

Table 5-9 Index to Major References on Ground Water Vulnerability Mapping

Topic References

MethodslCrlterla

RIsk Assessment

Applications

case Studios

General ReViews Anderson and Gosk (1987), Bachmat and Collin (1987), Barrocu and Blallo
(1993), Hoffer (1986), Kanrvetsky et al (1991), Knox at al (1993), DRASTIC Aller et al
(1987), IIImois Stack Unit System Berg and Kempton (1984), Berg et al (1984), Shafer
(1985), Waste Disposal Sltmg Caldwell et al (1981-HRS), Glbb et al (1983), Halfon (1989),
Kufs et al (198Q-SRM), LeGrand (1964, 1983-LSR), LeGrand and Brown (1977-LSR),
Phillips et al (1977-WSSIM), Sllka and Swearingen (1978-SIA), US EPA (1983-SIA,
1986b, 1989-HRS, 1991o-HRS), Other Agncuitural Chemical Systems DeLuca and
Johnson (199o-RAVE), Holman (1986a, 1986b), Rao et al (1985-PI), Roux et al
(1986-SAFE), Sokol et al (1993), US EPA (1986d-PI), Karst QUinlan et al (1992a),
Schuster et al (1989), General Ground Water ClassifIcation SchemeS' Pettyjohn et al (1991),
US EPA (1985a, 1986a), Sole Source AquderS' US EPA (1988b)

McTernan and Kaplan (1990), Pfannkuch (1991), Reichard et al (1990), Trojan and Perry
(1989-Hazard Index)

Waste Disposal Sltmg Glbb et al (1983), Agncultural ChemicaiS' Alexander and Liddle
(1986), Blanton and Villenueve (1989), Ehtemsheml et al (1991), Holman (1986a, 1986b),
Sokol et al (1993), Karst Schuster et al (1989), QUinlin et al (1992b), Sendle!n (1992),
Leaking Underground Storage Tanks Uhlman and Smith (1990)

DRASTIC Alexander and LIddle (1986), Blanton and Villeneuve (1989), Duda and Johnson
(1987), Ehteshaml et al (1991), FDER (undated), LeGrand and Rosen (1992), Pima
Association of Governments (1992), Sendleln (1992), IIImois Stack-Unit System Kempton and
Cartwnght (1984), Uhlman and Smith (1990)
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Figure 5·12 Overview of major Geographic Information System functions (OIRM, 1992)

scale GIS (Section 5 6 1) or PC-based als (Section
562)

5.6.1 Full-Scale GIS

The large amount of data that IS stored and processed
usmg full-scale GIS requires a workstation or mainframe
computer environment With dedicated personnel for
data entry and management The costs of a full-scale
geographic mformatlon system are substantial, but the
greatest cost IS the reqUired commitment of personnel
for data entry and management 7 Consequently, the use
of full-scale GIS for wellhead protection programs IS
limited primarily to areas where financial and personnel
resources have been committed to developing GIS for
purposes other than wellhead protection, or where a
relatively large area IS the focus for wellhead protection
efforts, as In the Cape Cod AqUifer Management Project
(Steppacher, 1988) Anyone conSidering acquIsition of
full-scale GIS for wellhead protection should read the
lessons learned and recommendations for future GIS
projects contained In Steppacher (1988) Pickus (1992)

7 The cost of most commercial, full-scale geographic information sys
tems falls In the range of $10,000 to $100,000 (Rowe and Dulaney,
1991) The cost of mlnl-GIS and related PC-based software ranges
from hundreds to thousands of dollars
8 Examples of commercially available mini-GIS software packages
Include GEOBASE, SPASE. GIS\Key, StrattFact, and F10CKWORKS

prOVides detailed gUidance on uSing GIS and
ARCIINFO, the full-scale geographic mformatlon sys
tem used by the U S EnVIronmental ProtectIOn Agency
for hydrogeologic analySIS

Baker et al (1993) and Rlfal et al (1993) have deSCribed
use of the semlanalytJcal WHPA code (Section 6 4 3) In
conjunction With full-scale GIS In Rhode Island and
Texas, respectively The Massachusetts Water Re
sources AuthOrity, which supplies water to 46 communi
ties In Metropolitan Boston, has used GIS to delineate
Critical recharge areas for local supplies and mapped
thousands of POint and nonPOint potential sources of
contamination (Brandon et al , 1992)

5.6.2 Mini- and Desktop-GIS

Mini-GIS performs most of the functions of full-scale GIS
as an Integrated software package that can be used With
a stand-alone PC 8 The specifiC capabilities of different
commercial packages vary, but generally these systems
Include (1) a spatial database for geologiC, hydrologiC,
and chemical data, (2) the ability to create base maps
and speCial purpose maps uSing data In the database,
and (3) the ability to create geologiC cross-sections and
graphs of time series data Often these systems can be
used as preprocessors for numerical ground water mod
els (I e , to create grids and Input values Into the grid)
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and as postprocessors for graphic presentation of model
output (see Chapter 6)

PC-based software that performs more specific func
tions, such as graphic presentation of borehole logs,
cross sections, and contour maps, can also facIlitate the
analysis of geologic and hydrologic data for hydro
geologic mapping 9 Individual pieces of PC-based soft
ware that can handle spatial data can be used In

combination to create a desktop GIS VarlJen and
Wehrmann (1990) describe uSing AutoCAD® as a desk
top GIS for a hydrogeological investigation The base
map contained digital data on terrain elevations, location
of transportation and water features, and names of Cit
ies, towns, and major landmarks In a CAD (computer
assisted drawing) DXF format [1 24000 scale (75ft
quadrangles)]. Additional layers containing h~dro

geologic Information were created using SURFER and
exported to AutoCAD® for overlay on the base map

The advantage of using mini-GIS software compared to
using separate software to perform different functions IS
that import and export of data IS minimized, redUCing the
time reqUired for data processing The advantage of
desktop GIS, espeCially If one or more of the Indwldual
software packages have been purchased and are In

use, IS poSSibly lower cost and greater flexibility In proc
essing and presenting data for the particular needs of
the user

5.6.3 Special Considerations in the Handling
ofSpatial Data

Spatial data IS inherent to hydrogeologic mapping For
example, three coordinates are reqUired to accurately
locate borehole logging data xand y coordinates define
the position WIth respect to the surface of the earth, and
the z coordinate defines the elevation U S EPA and
other federal agencies have adopted latitude and longi
tude as the standard system for x-y coordinates, new
data collection should use that system U S EPA
(1992a, 1992b, and 1992c) prOVides gUidance for col
lection of spatial data Hydrogeologic data compiled
from eXisting sources may be located uSing a variety of
coordinate systems, such as Townshlp-Range-and-Sec
tion, state planar coordinates, or Umversal Transverse
Mercator (UTM) If such data are to be processed elec
tromcally, conversion to a standard coordinate system IS
required Most mini-GIS software packages Include con
version programs The General Coordinate Transforma
tion Package (GCTP) developed by the U S Geological

II Examplos of commercially available software that can create bore
hole and well construction logs Include GTLog, 10gWRITER, QUICK
LOG, and LOGGER Software deSigned to create cross-sections
(also able to construct IndIVidual borehole logs) Include GTGS, gINT,
LOGGCORRELATE, and QUICKCROSS/FENCE Available contour
Ing software Includes CONTUR, CoPlot, GRIDZO, L1-CONTOUR,
PS-Plot, QUICKSURF. SURFER, TECKON, and TURBOCON
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Survey can be used to convert data between any of the
commonly used geodetiC coordinate systems
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Chapter 6
Use of Computer Models for Wellhead Protection

Computer
code/program

Calibration
(model
application)

VerifIcation
(model
application)

Modeling with computers IS a specialized field that re
qUires considerable training and expenence In the last
few decades, hundreds of computer codes for simulat
Ing vanous aspects of ground water systems have been
developed Refinements to eXisting codes and develop
ment of new codes proceed at a rapid pace The pur
pose of this chapter IS to provide a basIc understanding
of modehng and data analysIs with computers, and to
present more detailed mformatlon on the use of com
puter models for wellhead protection area (WHPA) de
lineation

This chapter focuses on computer software designed
specifically for modeling ground water flow and contami
nant transport Computer spreadsheets, an attracilve
alternative to off-the-shelf software If relatively simple
analytical methods are sUitable, are discussed In Sec
tion 64 1 Table 6-1 provides defmltlons for some Impor
tant terms used In connection With modeling of ground
water The meaning of the term "model" vanes depend
Ing on the context m which It IS used For example, the
analytical methods discussed In Chapter 4 are based on
Simplified mathematical models that do not reqUIre a
computer Hydrogeologic mapping (Chapter 5) IS per
formed to develop a conceptual model of a 'SIte, as such,
It IS an essential precursor to computer modeling The
terms code and program have a precise mE'anlng, refer
nng to models deSigned for use on computers They
may take the form of hard-paper documentation In the
format of whatever programming language was used, or
they may be on an electrOnic medium (disks or tapes)
The term "computer model" IS often used interchange
ably With the term "computer code," but It may also have
a broader meaning that mcludes the conceptual model
of a site which forms the baSIS for entry of spatial and
temporal data Into a code

The first three sections In the chapter address baSIC
mathematical approaches to modeling (Section 6 1),
classification of computer codes (Section 6 2), and gen
eral considerations In selecting a computer code (Sec
tion 6 3) Section 6 4 focuses on the use of computer
codes for WHPA delineation Finally, Section 6 5 pro
vides gUIdance on where to fmd additional mformailon
on ground water modeling uSing computers
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6.1 Mathematical Approaches to
Modeling

Models and codes are usually descnbed by the number
of dimenSions Simulated (see the diSCUSSion of hetero-

Table 6-1 Definitions of Terms Used In Ground Water Flow
Modeling

Term Definition

Model (a) A representation of a real system or
process, (b) an assembly of concepts In the
form of mathematical equations that portrays
understanding of a natural phenomenon

Conceptual model An interpretation or working deSCription of the
characteristics and dynamics of the phySical
system

Mathematical (a) MathematIcal equations expressmg the
model phYSical system and Includmg Simplifying

assumptions, (b) the representation of a
physical system by mathematical expressions
from which the behavior of the system can be
deduced With known accuracy

Boundary A mathematical expression of a state of the
condition phySical system which constrains the

equations of a mathematical model

Computer Models

The assembly of numerical techmques,
bookkeepmg, and control languages that
represents the model from acceptance of Input
data and mstructlon to delIVery of output

The process of refining the model
representation of the hydrogeologic
framework, hydraulic properties, and boundary
conditions to achieve a deSired degree of
correspondence between the model SImulation
and observations of the ground water flow
system

SenSitiVity (model The degree to which the model result IS
application) affected by changes In a selected model input

representing the hydrogeologic framework,
hydraulic properties, and boundary conditions

The use of the set of parameter values and
boundary conditions from a calibrated model
to approximate acceptably a second set of
field data measured under Similar hydrologiC
conditions ThiS should be distingUished from
code verification, which refers to software
testing (comparisons With analytical solutions
and other Similar codes)

Source Adapted from ASTM (1993)



genelty and Isotropy In Section 5 4 2), and the mathe
matical approaches used At the core of any model or
computer code are governmg equations that represent
the system being modeled Many different approaches
to formulating and solving the governing equations are
poSSible The speCifiC numencal technique embodied In

a computer code IS called an algoflthm The following
discussion compares and contrasts some of the most
Important chOices that must be made In mathematical
modeling

6.1.1 Deterministic vs. Stochastic Models

A determimstlc model presumes that a system or proc
ess operates such that the occurrence of a given set of
events leads to a Uniquely definable outcome The gov
erning equations define precise cause-and-effect or In
put-response relatIOnships In contrast, a stochastiC
model presumes that a system or process operates
such that factors contributing to an outcome are uncer
tain Such models calculate the probability, Within a
desired level of conftdence, of a speCific value occurring
at any point

Most available models are deterministic The heteroge
neity of hydrogeologic enVironments, however, particu
larly the vanabillty of parameters such as porosity and
hydraulic conductiVity, plays a key role In influenCing the
reliability of predictive ground water modeling (Smith,
1987) Beven (1989) argues that thiS heterogeneity cre
ates fundamental problems In the application of phySI
cally based determInistiC models

Stochastic approaches to characterizing vanablllty With
the use of geostatlstlcal methods such as kflgmg are
being used with increaSing frequency to charactenze
hydrogeologic data (Delhomme, 1979, Hoeksma and
Kltandls, 1985) The governing equations for both deter
ministic and stochastlc models can be solved either
analytically or numencally (van der Heljde et al , 1988)
Vomvorls and Gelhar (1986) prOVide some Simple ana
lytical examples of stochastIC predlctlon of disperSive
contaminant transport G6mez-Hernandez and Gorelick
(1989) review the literature on approaches to stochastiC
simulation of ground water model parameters Dagan
(1989) prOVides comprehenSive treatment of stochastiC
modelfng of subsurface flow and transport

6.1.2 System Spatial Characteristics

The spatial charactenstlcs of a system can be modeled
In two major ways Lumped-parameter systems are
used when the total system IS located at a Single POint
Distnbuted-parameter systems define cause-and-effect
relations for speCifiC POints or areas Input-response or
black box models do not expliCitly address spatIal char
acteristics, but Instead emplncally relate observations of
different vanables, such as the response of water levels
to recharge
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The dlstnbuted-parameter approach IS the one most
frequently used In ground water modeling The rest of
thiS chapter focuses on models of thiS type The mathe
matical framework for dlstnbuted-parameter models
Includes (1) one or more partial differential equations,
called field equations, (2) initial and boundary condi
tions, and (3) solution procedures (Bear, 1979)
Depending on the solution method used, such models
are charactenzed as analytical, semlanalytlcal, or
numencal

6.1.3 Analytical vs. Numeflcal Models

A model's governing equatIOn can be solved either ana
lytically or numencally AnalytIcal models use exact
closed-form solutlons of the appropnate differential
equations The solution IS continuous In space and time
In contrast, numencal models apply approximate solu
tions to the same equations Semlanalytlcal models use
numencal teChniques to approximate complex analytical
solutions, allOWing a discrete solution In either time or
space Models uSing a closed-form solution for either the
space or time domain and additIOnal numencal approxI
mations for the other domain are also conSidered
semlanalytlcal

Analytical models prOVide exact solutIOns, but employ
many Simplifying assumptions concerning the ground
water system, ItS geometry, and external stresses to
produce tractable solutions (Walton, 1984a) ThiS places
a burden on the user to test and JUStify the underlYing
assumptions and Simplifications (Javendel et ai, 1984)

Semlanalytlcal models can prOVide streamline and
traveltime informatIOn through numencal or analytical
expression In space or time ThiS information IS
espeCially useful for delineatIOn of wellhead protection
areas (Section 6 4 3) AnalytiC element models are a
relatively recent development In semlanalytlcal model
Ing of regional ground water flow These use approxI
mate analytiC solutions by superposing vanous exact or
approximate analytiC functions, each representing a par
ticular feature of the aqUifer (Haljtema, 1985, Strack,
1987) A major advantage of these models compared to
analytiC models IS greater fleXibility In incorporating
varying hydrogeology and stresses Without a Signifi
cantly Increased need for data (van der Heljde and
Beljln, 1988)

Numerical models are much less burdened by the sim
plifying assumptions used In analytical models, and are
therefore Inherently capable of addreSSing more compli
cated problems They reqUire Significantly more Input,
however, and their solutions are Inexact (numencal ap
proximatIOns) For example, the assumptions of homo
geneity and Isotroplclty are unnecessary because the
model can assign POint (nodal) values of transmiSSIVity
and storage LikeWise, the capacity to Incorporate com
plex boundary conditions prOVides greater fleXIbility The



Source Adapted from Javandel et al (1984) and Prickett et al (1986)

6.1.4 Grid Design

(b)

Values for natura' proe_ parametefS woul~ be
specrfled at oach node of the gnd In perfonnlng
SImulations The gnd denSIty 18 greatest at the source
and at potential Impact iocatlon.

(a)

Figure 6-1 (a) Three-dimenSional grid to model ground water
flow 10 (b) complex geologiC setting with pumping
wells downgradlent from potential contaminant
source (from Keely, 1987)

The gnd deSign IS Influenced by the chOice of numencal
solution techntque Numencal solution techntques In
clude (1) fllllte-difference methods (FD), (2) Integral fl
IlIte-dlfference methods (IFDM), (3) Galerkln and
vanatlonal fllllte element methods (FE), (4) collocation
methods, (5) boundary (Integral) element methods
(SIEM or SEM), (6) particle mass tracking methods,
such as random walk (RW), and (7) the method of

Limited to certain Idealized
condItions with simple
geometry, may not be
applicable to field problems
with complex boundary
conditions

AchieVing familianty with
complex numencal
programs can be tlme
consuming clOd expensive

2 Errors due to numencal
dispersion (artifacts of the
computation process) may
be substantial for transport
models

3 More data Input IS usually
required

4 Preparation of Input data IS
usually tlme-consumlng

2 Most cannot handle spatial
or temporal vanatIons In
system

Dlsadvantage's

3 Good for imtlal estimation of
magmtude of contammatlon

4 Rough estimates often
possible from eXisting data
sources

Advantages

5 Input data for computer
codes usually simple

Numeflcal Models

Easily handle spatial and
temporal vanatlons of
system

2 Easily handle complex
boundary conditions

3 Three-dimenSional transient
problems can be treated
without much difficulty

Analytical Models

1 Efficient when data on the
system are sparse or
uncertain

Table 6-2 Advantages and Disadvantages of Jllnalytlcal and
Numerical Methods

2 Economical

A fundamental reqUirement of the numencal approach
IS the creation of a gnd that represents the aquifer being
simulated (see Figure 6-1) This gnd consists of Inter
connected nodes at which process Input parameters
must be specified The gnd forms the basIs for a matnx
of equations to be solved A new gnd must be designed
for each site-specific simulation based on the data col
lected dunng site charactenzatlon and the conceptual
model developed for the physical system Gnd design IS
one of the most cntlcal elements In thE> accuracy of
computational results (van der HelJde et al , 1988)

user, however, faces difficult choices regarding time
steps, spatial gnd designs, and ways to avoid truncation
errors and numencal oscillations (Remson et al , 1971,
Javendel et al , 1984) Improper chOIces may result In
errors unlikely to occur with analytical appmaches (e g ,
mass Imbalances, Incorrect velocity dlstllbutlons, and
gnd-onentatlon effects) Table 6-2 summanzes the ad
vantages and disadvantages of analytical ,md numencal
models
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Translate to

Concepts of the
phYSical system

SubdiVide region
Into elements
and IOtegrate

Finite-difference
SubdIVide regIOn approach
Into a grid and
apply flO Ite-
difference approx-
Imations to space
and time derrvatlves

Partial differential equa
tion boundary and IOltlal
condltlor1s

characteristics (MOC) (Huyakorn and Pinder, 1983, KIn
zelbach, 1986) Figure 6-2 Illustrates gnd designs in
volving FD and FE methods for the same well field

Anite-dlfference and finite-element methods are the
most frequently used numencal solution techniques
The finrte-dlfference method approximates the solution
of partial differential equations by uSing finite-difference
equivalents, whereas the finite-element method approxI
mates dIfferential equations by an Integral approach
Figure 6-3 Illustrates some of the mathematical and
computational differences In the two approaches Table
6-3 compares the relative advantages and disadvan
tages of the two methods

6.2 Classification of Ground Water
Computer Codes

The terminology for classifying computer codes accord
ing to the kind of ground water system they simulate IS
not uniformly established There are so many different
ways to classify such models (I e , porous vs fractured
rock flow, saturated vs unsaturated flow, mass flow vs
chemical transport, single phase vs multlphase, Isother
mal vs. variable temperature) that a systematic claSSlfl-

Source Adapted from Mercer and Faust (1981)

Table 6-3 Advantages and Disadvantages of FDM and fEM
NumerIcal Methods

Disadvantages

Low accuracy for some problems
(mainly solute transport)

Rectangular grids reqUired

Complex mathematical baSIS

More complex programmIng

Advantages

Figure 6-3 Generahzed model development byfmite-dlfference
and flnlte-element methods (from Mercer and Faust,
1981)

Fmlte-Dlfference Method

IntUitive baSIS
Easy data entry
EffiCient matnx techniques

Programming changes easy

Fmlte-Element Method
FleXIble gnd geometry

High accuracy pOSSible

Evaluates cross-product terms
better

cation cannot be developed that would not reqUIre plac
Ing Single codes In multiple categones

Table 6-4 Identifies 4 major categones of codes and 11
major subdiVISions, discussed below ThiS classification
scheme differs from others (see, for example, Mangold
and Tsang, 1987, van der Heljde et aI, 1988), by dlstm
gUlshlng among solute transport models that Simulate
(1) only disperSion, (2) chemical reactions With a Simple
retardation or degradation factor, and (3) complex
chemical reactions

• nodal poInt
o soutce/Slnk. nodo
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(b)

(a)

Aguro 6-2. Comparison of (a) flnlte-difference and (b) fmite
element grid configurations for modehng the same
well·fleld (from Mercer and Faust, 1981)
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Table 6-4 Classification of Ground Water Flow and Transport Computer Codes

Type of Code DescrlptlonJUses

Variable saturated

Flow (Porous Media)

Saturated Simulates movement of water In saturated porous media Used pnmanly for analYZing ground water availability

Simulates unsaturated flow of water In the vadose (unsaturated) zone Used In study of soli-plant relationships,
hydrologiC cycle budget analySIS

Solute Transport (Porous Med/a)

DisperSion Simulates transport of conc;ervatlve contaminants (not subject to retardation) by adding a disperSion factor Into
flow calculations Used for nonreactIVe contaminants such as chlonde and for worst-case analySIS of
contaminant flow

Processes empirical data s,o that thermodynamiC data at a standard reference state can be obtained for
indIVIdual species Used to calCUlate reference state values for Input mto hydrogeochemical speciation
calculations

Chemical-reaction

Retardation/Degradation Simulates transport contaminants that are SUbject to partltlomng or transformation by the addition of relatively
Simple retardation or degradation factors to algonthms for advection-dispersion flow Used where retardation and
degradation are linear wrth respect to lime and do not vary With respect to concentration

Combines an advection-dispersion code With a hydrogeochemical code (see below) to Simulate chemical
speciation and transport Integrated codes solve all mass momentum, energy-transfer, and chemical reaction
equations Simultaneously for each time Interval Two-step codes first solve mass momentum and energy
balances for each time step and then reeqUilibrate the chemiStry uSing a dlstnbutlon-of-specles code Used
pnmanly for modeling behclvlor of Inorgamc contaminants

Hydrogeochemical Codes

ThermodynamiC

QlstrlbutJon-of-specles
(eqUllibnum)

Reaction progress
(mass-ransfer)

SpeCialized Codes

Fractured rock

Heat transport

Multlphase flow

Solves a Simultaneous set of equations that descnbe equllibnum reactions and mass balances of the dissolved
elements

Calculates both the eqUIlibrium distribution of species (as With eqUilibrium codes) and the new compOSition of
the water as selected mlnNals are precipitated or dissolved

Simulates flow of water In fractured rock Available codes cover the spectrum of advectlVe flow,
advection-dispersion, heat, and chemical transport

Simulates flow where denSity-Induced and other flow vanatlons resulting from flUid temperature differences
invalidate conventional flow and chemical transport modeling Used pnmarlly In modeling of radioactive waste
and deep-well Injection

Simulates movement of ImmiSCible fluids (water and nonaqueous phase liqUids) In either the vadose or
saturated zones Used pnrnanly where contamination Involves liqUid hydrocarbons or solvents

Source US EPA (1991)

The literature on ground water codes sometimes uses
conflicting terminology For example, the term "hydro
chemical" has been applied to completely different types
of codes Rice (1986) and van der HelJde et al (1988)
used the term hydrochemical for codes In the hydrogeo
chemical category In Table 6-4, while Mangold and
Tsang (1987) used the term geochemical for such mod
els and the term hydrochemical to descnbe coupled
geochemical and flow models (chemical-reactIon trans
port codes In Table 6-4) More recently, van der HelJde
and Elnawawy (1993) have used the term hydrogeo
chemical for codes that model aqueous chemIcal reac
tIons Without regard to transport, that term IS used here
The major types of models are discussed briefly below
Section 6 4 5 proVides further diSCUSSion of the selec
tion of codes for WHPA delmeatlon

of codes are available m thiS category Modeling vanably
saturated flow m porous media (typically, solis and un
consolidated geologiC matenal) IS more difficult because
hydraulic conductiVity vanes With changes In water con
tent m unsaturated matenals Such codes typically must
model processes such as capillanty, evapotranspiration,
diffUSIon, and plant water uptake

Van der HelJde et al (1988) summanzed 97 saturated
porous media codes and 29 vanably saturated codes
Further screening by van der HelJde and BelJm (1988)
Identified 27 flow models that are potentially SUitable for
dellneatmg WHPAS, several of which also can Simulate
vanably saturated flow These codes may result m
smaller wellhead protection areas than reqUired If hydro
dynamiC disperSion IS a Significant factor In contammant
transport (Section 6 2 2)

6.2.1 Porous Media Flow Codes

Modeling of saturated flow In porous media IS relatively
straightforward, consequently, by far the largest number

6.2.2 Porous Media Solute Transport Codes

The most Important types of codes m the assessment of
ground water contammatlon Simulate the transport of
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contaminants In porous media This IS the second larg
est category (73 codes) Identified by van der Heljde et
al. (1988) as being readily available Solute transport
codes fall into three major categories (see Table 6-4 for
descriptions)' (1) dispersIon codes, (2) retardatIon/deg
radation codes, and (3) chemical-reaction transport
codes

Dispersion codes differ from saturated flow codes only
in having a dispersion factor These codes may be re
quired If conservative contaminants such as mtrates are
of potential concern Retardation/degradation codes are
slightly more sophisticated because they add a retarda
tion or degradation factor to the mass transport and
diffusion equations Such codes can be used to deline
ate a zone of attenuation (Section 4 1 5) If flow transport
modeling results In such a large WHPA that further
targeting of management practices IS required As dis
cussed In Section 6 4 4, however, such codes must be
used wrth caution Chemical reaction-transport codes
are the most complex (but not necessarily the most accu
rate) because they couple geochemIcal codes With flow
codes Chemical reactIon-transport codes may be dassl
fled as Integrated or two-step codes (see Table 6-4)

Two recent numerical models speCifically Incorporate
biodegradation Into contaminant transport models
BIOPLUME II. developed for U S EPA, models oxygen
limited biodegradation for two-dimenSional transport (RI
fal et al.. 1988). Cella et al. (1989) desCribe a new
numerical solution procedure for Simulation of reactive
transport In porous media that incorporates both aerobic
and anaerobic biodegradation, and Kindred and Cella
(1989) present the result of test Simulations.
6.2.3 Hydrogeochemical Codes

Geochemical codes Simulate chemical reactions In
ground water systems without conSidering transport
processes. These fall Into three major categories (see
Table 6-4). (1) thermodynamic codes, (2) dlstrlbutlon-of
species codes, and (3) reaction progress codes By
themselves, geochemical codes can prOVide qualitative
Insights Into the behavior of contaminants In the subsur
face Chemical transport modeling of any SOphistication
requires coupling geochemical codes With flow codes
(see previous section) More than 50 geochemical
codes have been described In the Irterature (Nordstrom
and Ball. 1984). but only 15 are Cited by van der Heljde
et al. (1988) as passmg thelf screemng criteria for reli
abilIty and usability Geochemical codes are unlikely to
be used for WHPA delineatIOn. except In speCialized
situations where qualitative interpretations of aqUifer
water quahty are not adequate

6.2.4 Spec/aI/zed Codes

This category contains speCial cases of flow codes and
solute transport codes (see Table 6-4), including (1)
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fractured rock, (2) heat transport, and (3) multlphase
flow Fractured rock creates speCial problems In the
modeling of contaminant transport for several reasons
First, mathematIcal representation IS more complex due
to the POSSibility of turbulent flow and the need to con
Sider roughness effects Furthermore, precise field char
acterization of fracture properties that Influence flow,
such as orientation, length, and degree of connection
between indiVidual fractures, IS extremely difficult In
spite of these difficulties, much work IS being done In thiS
area (Schmelllng and Ross, 1989), van der Heljde et al
(1988) have Identified 27 fractured rock models None
of these models, however, meet screemng criteria es
tablished by van der Heljde and Beljln (1988) for codes
potentIally SUitable for delineation of WHPAs

Heat transport models have been developed primarily In

connection WIth enhanced 011 recovery operations
(Kayser and Collins, 1986) and programs assessmg
disposal of radioactive wastes Van der Heljde et al
(1988) summarized 36 codes of thiS type Early work In

mUltlphase flow, centered In the petroleum mdustry, fo
cused on oll-water-gas phases In the last decade,
multiphase behaVior of nonaqueous phase liqUids In

near-surface ground water systems has received in
creasing attention However, the number of codes capa
ble of Simulating multlphase flow IS stili limited Van der
Heljde et al (1988) summarized 19 such codes ThiS IS
a rapidly developing area of research (EI-Kadl et al ,
1991)

6.3 General Code Selection
ConSiderations

All modeling Involves Simplifying assumptions concern
Ing parameters of the phYSical system being Simulated
Furthermore, these parameters Will Influence the type
and compleXity of the equations used to represent the
model mathematically Six major parameters of ground
water systems must be conSidered when selecting a
computer code for Simulating ground water flow (SectIon
6 3 1) and SIX additional parameters for contaminant
transport (Section 6 3 2) Section 6 4 5 deSCribes a spe
CifiC computer code selectIon process for WHPA deline
ation

6.3.1 Ground Water Flow Parameters

Type of AqUifer Confined aqUifers With umform thick
ness are easIer to model than unconfIned aqUifers be
cause the transmiSSIVIty (Section 3 1 2) remains
constant The thickness of unconfined aqUifers varies
With fluctuations In the water table, thus complicating
calculations Similarly, Simulation of variable-thickness
confined aqUifers IS complicated by the fact that velOCI
ties generally Increase In response to reductions m the
distance between confining beds, and decrease In re
sponse to Increases In these distances



Matrix Characteristics Flow In porous mE~dla IS much
easier to model than In rocks with fractures or solution
POroSity This IS because (1) equations governing lami
nar flow are simpler than those for turbulent flow, which
may occur In fractures, and (2) porosity and hydraulic
conductivity can be more easily estimated for porous
media

Homogeneity and Isotropy. Homogeneous and ISO
tropiC aquifers are easiest to model because their prop
erties do not vary In any direction (Section 2 1 3) If
hydraulic properties and concentrations are uniform ver
tically and In one of two hOrizontal dimenSions, a one
dimensional Simulation IS possible HOrlzonital variations
In properties combined with Uniform verl.lcal charac
teristics can be modeled In two dlmenslom.. Most natu
ral aqUifers, however, show variation In all dl rectlons and
consequently reqUire three-dimenSIOnal Simulation,
which also necessitates more extensive site charac
terization data The spatial Uniformity or variability of
aqUifer parameters such as recharge, hydraulic conduc
tiVity, POroSity, transmissIvity, and storatlvlty (Section
3 1) Will determine the number of dimensions to be
modeled

Phases Multiple phases are more difficult to Simulate
than (1) flow of ground water, or (2) contaminated
ground water In which the dissolved constituents do not
create a plume that differs greatly from thl3 unpolluted
aqUifer m density or VISCOSity (see Sections 1 2 3 and
632)

Number of AqUifers A single aqUifer IS easier to simu
late than multiple aqUifers

Flow Conditions Steady-state flow, where the magni
tude and direction of flow velOCity are constant with tune
at any POint In the flow field, IS much easier to Simulate
than transient flow Transient, or unsteady, flow occurs
when the flow varies In the saturated zone In response
to variations In recharge or discharge rates These terms
may also be applied to unsaturated flow In the vadose
zone In thiS manual, the term variably saturated flow IS
used to describe thiS type of unsteady flow

6.3.2 Contaminant Transport Parameters

Concentration The Simplest way to model Gontamlnant
transport m the subsurface IS to specify a starting con
centration In the ground water, without considering the
type of source

Type of Source. For more sophisticated Simulation pur
poses, sources can be characterized as pOint, line, area,
or volume A pomt source enters the ground water at a
single POint, such as a pipe outflow or injection well, and
can be Simulated with either a one-, two-, or three
dimensional model An example of a Ime source IS a
contaminant leaching from the bottom of a trench An
area source enters the ground water through a hOrlzon-
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tal or vertical plane The actual contaminant source may
occupy three dimenSions outside of the aqUifer, but for
modeling purposes contaminant entry Into the aqUifer
can be represented as a plane Examples of area
sources mclude leachate from a waste lagoon or an
agricultural field A volume source occupies three di
mensions within an aqUifer An example of a volume
source IS a DNAPL that has sunk to the bottom of an
aqUifer (see Figure 1-9) Line and area sources may be
Simulated by either two- or three-dimenSional models,
while a volume source reqUires a three-dimenSional
model Figure 6-4 Illustrates the type of contaminant
plume that results from a landfill m the follOWing cases
Case 1, an areal source on top of the aqUifer, Case 2,
an areal source within the aqUifer and perpendicular to
the direction of flow, Case 3, a vertical line source In the
aqUifer, and Case 4, a POint source on top of the aqUifer

Type of Source Release The release of an instantane
ous pulse, or slug, of contaminant IS easier to model
than a continuous release A continuous release may be
either constant or variable Figures 1-7b and 1-8b show
the different contaminant plume configurations resulting
from contmuous and slug releases, respectively Figure
1-14 Illustrates some effects of vanatlons m the rate of
release on contaminant plume shape

DisperSion Accurate contaminant modeling requires
incorporation of transport by disperSion (see Section
1 22) Unfortunately, the conventional convectwe-dls
perslon equation often does not accurately predict fleld
scale disperSion (U S EPA, 1988)

Adsorption It IS easiest to Simulate adsorption with a
single dlstnbutlon or partition coeffiCient (1 3 2) Non
linear adsorption and temporal and spatial vanatlon In

adsorption are more difficult to model

Degradation As with adsorption, Simulation of degra
dation IS easiest when a Simple first-order degradation
coeffiCient IS used Second-order degradation coeffi
Cients, which result from variations In various parame
ters such as pH, substrate concentration, and microbial
population, are much more difficult to model Simulation
of radioactive decay IS complicated but easier to simu
late with preCISion because decay chams are well
known

DensltyNlscoslty Effects If the temperature or salinity
of the contammant plume IS much different from that of
the pnstlne aqUifer, Simulations must Include the effects
of denSity and VISCOSity variations (see Section 1 2 3)

6.3.3 Computer Hardware and Software

The type of computer hardware available (model, mem
ory available for core storage, peripherals for printing
code output, etc) IS a primary consideration m selecting
a ground water computer code Earlier codes depended
heavily on mamframe computers (such as CDC, IBM,



a various ways to represent sOoJ ce

I I I I

II. honzontal sptudong resulWlg "om
VI!lO'JS source ISsumploons

Case 2
vertical 2D source In aquder
(lor 2D horizontal, vertically
averaged or 3D modeling)

Case 4
point source at top 01 aquder
(for 20 or 3D modeling)

c detailed view 01 3D spreading lor
various ways to represent source
boundary

Case 1
horizontal 20 areal source at top
01 aqu~er (lor 3D modeling)

Case 3
10 vertical line source In aqu~er

(for 2D horizontal vertically
averaged 20 cross sectional or
3D modeling)

Figure 6-4 Definltlon of the source boundary condition under a leaking landfill, numbers 1-4 refer to Cases 1-4 (from van der
HelJde 8t al , 1988)

PRIME, UNIVAC, and VAX models} Rapid advances 10

microcomputer technology have resulted 10 mcreased
availability of ground water modeling software for per
sonal computers (PCs) 1 ThiS trend stems from slgmfl
cant improvements in the computmg power and quality
of printed outputs obtamable from PCs It IS also due to
the improved telecommumcatlons capabilities of PCs,
which are now able to emulate the mteractlve termmals
of large business computers so that vast computational
power can be accessed and the results retneved With
no more than a phone call

Many of the mathematical models and data packages
have been "down-SIzed" from mamframe computers to
PCs. Many more are now being wntten directly for thiS
market. A major advantage of PC-based codes IS the
relatively low cost of both hardware (the necessary com
puter and penpherals can probably be obtamed for less
than $5,000) and software Most codes can be obtained
for less than $100

1Most f1cst-generatlon software for microcomputers has been devel
oped for IBM PClATocr and compatibles that typically require 640 K
(kIlobyte) random access memory (RAM) Second-generation soft
ware typlcally requires a 386 or 486 CPU (central processing Unit)
wllh a math coprocessor and 2 megabytes (MB) RAM
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6.3.4 Usability and RelIabIlity
•

An ongoing program at the International Ground Water
Momtonng Center (IGWMC) evaluates codes uSing per
formance standards and acceptdnce cntena (van der
Heljde, 1987b) The Center rates codes that are 10 ItS
data base usmg SIX usablltty and four reltablltty cntena
(van der Heljde and Beljm, 1988, van der Heljde et ai,
1988) Favorable ratings for the usability cntena Include

• Pre- and Postprocessors The code mcorporates one
or more of thiS type of software

• DocumentatIOn The code has an adequate descnp
tIon of user's Instructions and sample problems uSing
example datasets

• Hardware Dependency The code IS deSigned to
function on a vanety of hardware configurations

• Support The code IS supported and mamtamed by
the developers or marketers

Favorable ratmgs for the reliability cntena mclude

• ReVIew Both the theory behmd the codmg and the
coding Itself are peer-reViewed



• Ventlcatlon The code has been venfled (Table 6-1
and Section 6 3 5)

• FIeld TestmgNalldatlOn Code has been extensively
field-tested for site-specific conditions for which ex
tensive datasets are available (SectIon 6 3 5)

• Extent ot Use Code has been used extensively by
other modelers

6.3.5 Quality Assurance/Quality Control

Modeling and computer codes are increasingly used In
regulatory settIngs where decIsions may b(~ contested
In court Therefore, careful attention must be paid to
quality assurance and quality control In both model de
velopment and application There are four major aspects
to quality control for a site-specIfic appllcatton of a
model, as In the case of WHPA delineation (1) sensitiv
Ity, (2) calibration, (3) venflcatlon, and (4) validation
Table 6-1 provides summary definitions of these terms 2

The accuracy of the Input values IS of less concern when
model results are relatively inSenSitive to changes In
values for Input parameters, compared to when a small
change m an Input parameter causes a larg1e change m
the model output SensItivity testmg may be useful In
gUldmg data collection for a site Less attention need be
given to estlmatmg or measunng parameter& that do not
greatly affect the outcome of the modeling, while addi
tional effort may be required to ensure that sensitive
Input parameters are measured accurately

Whether the baSIC code has been verified and validated
IS an Important cnterla for selectmg models Venflcatlon
IS also deSirable for site-specific applicatIOns, If It IS
pOSSible to obtain a second set of field data measured
under similar hydrologiC conditions to the site-cali
brated code The code can be conSidered venfled If It
acceptably approximates the second data Sl3t ThiS can
be determined by defining an acceptable level of depar
ture between simulated values and the actual data set

2 Note that the term ''validation'' IS not defined In TablE' 6-1 because
It has been the subject of some recent controversy Bredehoeft and
KOnIkow (1993) suggested abandoning use of the term validation by
the ground water modeling community because It Implies a precIsion
that IS not achieved In reality In response, McCombie and McKinley
(1993) argued that the term validation IS appropriate for deSCribing
the process of ensuring that mathematical models "ensure an accept
able level of predictive accuracy" The term, which was Included In
early ASTM ballots for adoption of 05447-93, was dropped In the final
standard Because the term IS well established In the ground water
modeling literature, It IS used In thIS manual In the serlse suggested
by McCombie and McKinley (1993)
3 As of March 1, 1987, the IGWMC had 632 code annotations In ItS
MARS data base for mainframe computers and 104 annotations In Its
PLUTO database for personal computers These data bases have
now been merged In late 1993, the data base contained more than
700 codes
4 Anyone trying to select a mainframe model should refer to the
follOWIng publications, which are recommended for comparative infor
mation van der Heljde and Beljln (1988), van der Heljde et at (1988),
US EPA (1988), and Thompson at al (1989)
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and calculatmg the difference between actual and simu
lated values (reSiduals) If these reSiduals fall wlthm the
range that was defined as acceptable, the model can be
conSidered venfled for application to that particular field
situation

Field validation of a numencal model consists of first
callbrattng the model uSing one set of hlstoncal records
(e g, pumping rates and water levels from a certam
year), and then attempting to predict the next set of
hlstoncal records In the calibration phase, the aqUifer
coeffiCients and other model parameters are adjusted to
achieve the best match between model outputs and
known data, In the predictive phase, no adjustments are
made (excepting actual changes In pumping rates, etc)

Presuming that the aqUifer coeffiCients and other pa
rameters were known With suffiCient accuracy, a mis
match means that either the model IS not correctly _
formulated or It does not treat all of the Important phe
nomena affecting the situation being Simulated (e g, It
does not allow for leakage between two aqUifers when
thiS IS actually occurnng) Field validation IS completed
by conducting a postaudlt, In which the predicted
changes In responses to changes m the system are
confirmed by field measurements

6.4 Computer Modeling for WHPA
Delineation

The great advantage of the computer IS that large
amounts of data can be generated qUickly and expen
mental modifications made With minimal effort, so that
many pOSSible Situations for a given problem can be
studied In great detail The danger IS that Without proper
selection, data collection and mput, and quality control
procedures, the computer's usefulness can be qUickly
undermined, brlngmg- to bear the adage "garbage In,
garbage out"

A beWildering number of ground water flow and contami
nant transport codes are available 3 The number of fac
tors that must be conSidered m selecting a code (Section
6 3) can make the task of chOOSing a code for a particu
lar wellhead area dauntmg Van der HelJde and BelJln
(1988) Identified 64 models m the International Ground
Water Modeling Center's database that satisfied cntena
for (1) outputs useful for WHPA delineation, and (2)
usability and reliability (Section 634) Additional
screening cntena were used to further reduce the num
ber of codes covered In thiS manual

• Only codes Identified In van der Heude and BelJIn
(1988) that can be used on personal computers are
conSidered Codes reqUiring mainframe computers
are likely to be too expensive for most local govern
ments concerned With wellhead protection, or Will be
used by consulting firms With personnel already fa
miliar With how to use the code 4



• Any codes available for personal computers men
tioned in the published literature on ground water and
wellhead protectIon are Included

6.4.1 Spreadsheet Models

PC computer spreadsheets are a very useful tool for
analyzing ground water data and solVing analytical
equations for ground water flow Computer spread
sheets are well SUited for use With the Simple analytical
methods deSCribed In Chapter 4 The major advantages
of spreadsheets include the follOWing

• They do not reqUire knowledge of any particular com
puter programming language, although programming
experience IS certaInly useful

• The logiC of spreadsheet models IS embedded In
formulas contained Within spreadsheet cells, which
allows for easy modification and Identification of
errors

• Spreadsheet calculations are rapid, prOViding results
Within a fraction of a second (seconds for complex
models) or after Input values are entered

• Once a spreadsheet model has been set up, It IS very
easy to analyze the senSItIVity of model output to
changes in input parameters

• Many spreadsheet programs Include data base and
graphic capabIlities

Spreadsheet models are primarily limited to analytical
solutions Hence, they suffer from the disadvantages of
analytical approaches compared to numerical modeling
approaches (Table 6-2)

6.4.2 Overview ofPC Models and WHPA
Applications

About a dozen computer codes that meet the additional
screening criteria mentioned above have been Cited In
the literature as haVing been used in actual WHPA de
Ilneation investigations These codes fall Into three gen
eral categories and are discussed further In the next
section.

1. Numerical codes developed for general ground water
flow modeling (MODFLOW and USGS-2D FLOW)
that are used to define the zone of Influence (ZOI),
the cone of depressIon (COD), and/or the zone of
contribution (ZOC)

2. Simpler analytIcal and semlanalytlcal "capture zone"
codes for defining the zone of Influence and/or zone
of contribution of one or more pumping wells

3. Pathline tracing or reverse path codes (typically ana
lytical or semlanalytlcal) for calculating time of travel
and/or velOCIty using the output from numerical mod
eling or capture zone codes
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Solute transport (dIsperSion-only and retardation/degra
dation) models have received limited, If any, use In
WHPA delineation ThiS IS primarily because the aSSimi
lative capacity of aqUifers IS not eaSily modeled or quan
titatively determmed Relatively Simple solute transport
models for personal computers, however, are increas
Inglyavallable ThiS prOVides opportumtles for proViding
some assessment of the kmd of safety factor that may
be bUilt mto WHPA delineations based on the assump
tion that contaminants Will not be attenuated Section
6 4 4 prOVides additional diSCUSSion of solute transport
models

6.4.3 Numerical Flow, Capture Zone, and
Pathline Tracing Models

Table 6-5 prOVides an Index to documentation and case
studies that deSCribe the use of PC-based computer
models for WHPA delineation At least four numerical
codes have been used for delineation of WHPAs MOD
FLOW, FLOWPATH, PLASM, and USGS 2D-FLOW
MODFLOW, developed by the U S Geological Survey,
IS a very versatile modular three-dimenSional finite dif
ference ground water model that Simulates transient
flow In amsotroplc, heterogeneous, layered aqUifer sys
tems Very complex hydrogeologiC systems can ! a
modeled, prOVided that a porous media flow assumption
can be Justified ThiS versatility IS probably the reason
that MODFLOW has been reported 10 the wellhead
protection literature more frequently than any other
method

The most commonly reponed analytical capture zone
models are the MWCAP module 'of the WHPA code,
CAPZONE (a refinement of the THWELLS analytical
model), and DREAM (Table 6-5) Pathline tracing mod
els are espeCially useful for wellhead protection be
cause of their relatively precise delineation of time of
travel Isochrons These may also be referred to as par
ticle tracking or reverse flow path models (Kreltler and
Senger, 1991) A two-set process IS Involved In pathllne
tracing First, the water level at the well and the poten
tiometriC surface for the surrounding area IS calculated,
often uSing a numerical or analytical capture zone
model Second, reverse flow paths are calculated uSing
semIanalytical or numerical methods These codes al
low much more accurate determination of both flow
paths and time of travel than do the TOT calculations In
Section 44

The use of pathline tracing models In the context of
wellhead protection IS a relatively recent development,
With all the models listed In Table 6-5 haVing become
available since 1987 GWPATH, developed by the illi
nOIs State Water Survey (Shafer, 1987a), has been most
frequently mentioned In the published literature m thiS
regard MODPATH, developed m 1989 for use With the
popular USGS model MODFLOW, has gamed rapid



Table 6-5 Examples of Use of Computer Models for Wellhead Protection

Model DocumentatlonlCa'.e Studies

Numeflcal Flow Codes*

FLOWPATH

MODFLOW

PLASM

USGS-2D FLOW

Capture Zone Codes*

CAPZONEITHWELLS

DREAM

WhAEM

WHPA (MWCAP)

Spreadsheet Capture Zone

Other Capture Zone
Methods

Drainage Ditch Capture
Zone

Reverse Path Codes*

DocumentatIon Franz and GUiguer (1990), ApplIcatIOns/Case StudIes Cleary and Cleary (1991), Swanson
(1992)

DocumentatIon McDonald and Harbaugh (1988), Case StudIes Balr and Roadcap (1992), Bradbury et al
(1991), Heeley et al (1992), Kreltler and Senger (1991), Nelson and Witten (1990), OEPA (1992), Plomb
and Arnett (1992), Spnnger and Balr (1992), Swanson (1992), Tolman et aL (199'1), Trefry; '1990), U.s EPA
(1987, 1992)

DocumentatIon Hull (1983), Prickett and Associates (1984), Pnckett and LonnqUist (1971), Walton (1989a);
Case StudIes Bonng (1992), Wehrmann and VarlJen (1990)

DocumentatIon Trescott et al (1976), Case StudIes US EPA (1987)

DocumentatIOn van der HelJde (1987a-THWELLS), Balr et al (1991a-eAPZONE), CAPZONE Case
Studies Balr and Roadcap (1992), Balr et al (1991b, 1991c), OEPA(1992), Springer and Balr (1992),
THWELLS Case StudIes Roadcap and Balr (1990), Spnnger and Balr (1990)

DocumentatIOn Bonn and Rounds (1990), Case StudIes Balr and Roadcap (1992), Springer and Balr
(1992), Swanson (1992)

DocumentatIon Strack and HalJtema (In press)

DocumentatIon Blandford and Huyakorn (1991), Applications/Case StudIes See references for
RESSaC/GPTRAC below

Documentation Pekas (1992), Equations Huntoon (1980), Javendel and Tsang (1986), Keely and Tsang
(1983a, 1983b), Mclane (1990)

KGS Capture Zone McElwee (1991), Woods et al (1987), AnalytIC Element Method Kraemer and Burden
(1992), other Ahlfleld and Sawyer (1990), Grubb (1993), Lee and Wilson (1986), Llnderfeldt et al (1989),
Nelson (1978a,b), Newsom and Wilson (1988), Shafer-Penni and Wilson (1991), liedeman and Gorelick
(1993), Wilson and Llnderfeldt (1991)

Chambers and Barr (1992), Zheng et al (1988a, 1988b)

REssa

GWPATH

MODPATH

PATH3D

WHPA (RESSaC,
GPTRAC)

DocumentatIon Shafer (1987a, 1990), ApplIcations/Case StudIes Balr and Roadcap (1992), Balr et al
(1991b, 1991c), Kreltler and Senger (1991), OEPA (1992), Roadcap and Balr (1990), Shafer (1987b),
Spnnger and Balr (1990, 1992), VarlJen and Shafer (1991, 1993), Wehrmann and VarlJen (1990)

DocumentatIon Zhang (1992), Zheng et al (1992), Case StudIes Bradbury et al (1991)

DocumentatIon Blanford and Huyakorn (1991), ApplIcatIons/Case StudIes Balr and Roadcap (1992), Baker
et al (1993), Bhatt (1993), Bonng (1992), Kreltler and Senger (1991), Oates et al (1990), Rlfal et al
(1993), Spnnger and Balr (1992), US EPA (1992)

DocumentatIon Pollock (1988, 1989, 1990), Snnlvasan (1992), Case StudIes Balr and Roadcap (1992),
Buxton et al (1991), OEPA (1992), Springer and Balr (1992), Swanson (1992)

DocumentatIon Javendel et al (1984), WellWare (1993), see also WHPA code above, Case StudIes OEPA
(1992)

ROSE Lerner (1992a, 199~)b)

Unclassified Taylor (1989)

* Numerical and analytical capture zone codes are typically coupled With reverse path (particle tracking) codes for wellhead protection area
delineation Reported combinations include CAPZONElGWPATH, DREAM/RESSaC, MWCAP/RESSaC (separate modules of the WHPA
code), PLASM/GWPATH, MODFLOW/MODPATH

acceptance because no additional data, except pOSSibly
POroSity, are reqUired once a MODFLOW simulatlon has
been completed

The WHPA (Wellhead Protection Area) code, developed
for the U S EnVIronmental Protection Agency, IS de
Signed speCifically for WHPA delineation The pathllne
tracing module of the WHPA code, RESSQC, IS based
on the RESSQ code developed by Javendel et al

(1984) A stand-alone version of RESSQ that IS more
user fnendly has also recently become available (Well
Ware, 1993) The WHPA code also has a semlanalytl
cal/numencal partlcle-trackmg module called GPTRAC
The fIrst version of WHPA (1 0) did not conSider vertical
leakage, resulting In unnecessanly large protection ar
eas for semlconfmed aqUifers where leakage was sig
nificant The latest version (2 1) has been modified to
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allow vertical leakage, permlttmg time of travel calcula
tions to leaky aqUifer settmgs Additional modifications
are under way to provide additIOnal solutions and added
boundary conditions (personal commUniCation, Nell
Blandford, HydroGeologic, Herndon, VA, September,
1993)

PATH3D IS a pathhne tracmg model recently developed
by the Wlsconsm Geological and Natural History Survey
(Zheng et al , 1992), and an enhanced version IS com
mercially available (Zheng, 1992) ROSE, a semlanalytl
cal path line tracing model (Lerner, 1992a, 1992b),
follows a family of semlanalytlcal models usmg an ap
proach first developed by Nelson (1978a,b) Keely and
Tsang (1983) used Nelson's methods but presented
results in terms of capture zones as well as fronts of
pollution movement (RESSQ model) Javendel and
Tsang (1986) extended thiS work to look at nondlmen
sional expressions of capture zones Pekas (1992)
adapted equations presented 10 Keely and Tsang (1983)
and Javendel and Tsang (1986) to calculate capture
zones using a spreadsheet

As noted earlier, numencal and al"alytlcal capture zone
codes are typically coupled With reverse path (particle
tracking) codes for wellhead protection area delineation
Reported combinatIOns mclude CAPZONElGWPATH,
DREAMlRESSQC, MWCAP/RESSQC (separate mod
ules of the WHPA code), PLASM/GWPATH, MOD
FLOW/MODPATH Table 6-5 Identifies case studies
Illustrating use of these vanous combinations

The Wellhead AnalytiC Element Method (WhAEM)
model. currently under development for EPA's R S Kerr
Environmental Research Laboratory (Ada, Oklahoma),
will allow WHPA delineation 10 more complex hydro~

geologic settmgs (multiple stream and other recharge
boundary condlttons) than can be handled by available
capture zone/reverse path analytical codes It IS likely to
be an attractive alternative to more complex numencal
codes, provided that the assumptions of homogeneity
and isotropy apply

6.4.4 Solute Transport Models

Mechanisms for reducmg the concentratIOn of contami
nants in an aqUifer are generally too complex and diffi
cult to predict for selection as cnterla for wellhead
protection (U S EPA, 1987) Accurate modeling of con
taminant transport IS limited by fundamental problems,
inclUding (1) inability to describe mathematically some
processes. (2) complex mechanrsms that are beyond
the capability of available numencal technrques, and (3)
difficulty In obtaining enough data of suffiCient quality to
calibrate models (van der HelJde and BelJm, 1988)

Hydrodynamic disperSion, the process by which con
taminants may travel faster than would be expected
from simple ground water flow calculations, must be
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considered dunng the WHPA delineation process As
noted 10 Section 1 2 2, disperSion at the microscopiC
scale IS such a mmor component of ground water move
ment that It can generally be Ignored Although disper
sion at thiS scale results In a faster arrival time, It also
reduces concentration levels, and consequently can be
considered an attenuatmg process Contammant trans
port by macroscopic disperSion, on the other hand, IS
best addressed uSing methods that account for the ef
fect of aqUifer heterogeneity on the speed of ground
water flow (Sections 2 1 3 and 5 4 2) For Simple meth
ods, thiS mvolves usmg the upper range of estimated or
measured hydraulic conductivity 10 ground water flow
calculatIOns Numerical computer codes allow deSign of
the gnd to account for more highly transmiSSive layers

Bradbury et al (1991) prOVide a good example of the
difference that a smgle highly transmiSSive layer In an
aqUifer can make 10 travel times At the Sevastopol site
In Door County, Wisconsin, where the aqUifer IS 10 frac
tured dolomite, time of travel to the upgradlent ground
water diVide based on calculations usmg a potentiomet
riC surface map was 100 years (Figure 6-5a) Ground
water Simulations us109 PATH3D that accounted for a
fracture zone at a depth of 170 feet below the ground
surface resulted In a travel time of 1 year from the
ground water diVide (Figure 6-5b)

Retardation processes (Section 1 3) prOVide an un
stated safety factor to WHPA delineations based on
advectlve flow to the extent that they dlmlnrsh the con
centration of a contammant as It moves through an
aqUifer More than a dozen PC-based codes use rela
tively Simple retardation and degradation factors to
Simulate concentrations of contammants 10 ground
water These codes are most commonly used In heaVily
contammated settmgs to help develop remediation
strategies Such codes may have value for wellhead
protection, however, as a means of quantlfymg the
safety factor contamed 10 delineations based on other
methods, or for further evaluations of the pOSSible risks
associated With potential contammant sources wlthm the
WHPA (Chapter 8)

The maIO conSiderations In usmg methods that allow
delineation of a zone of attenuation (SectIOn 4 1 5) are
that (1) aqUifer anrsotropy and heterogeneity must have
been adequately mcorporated mto the WHPA to account
for the zone of more rapid transport, and (2) reliance
should not be placed on a Single method for calculatmg
contammant transport

Arnold (1992) used eight numerical models and four
analytical models to estimate attenuation of BTX (ben
zene, toluene, xylene) from a gasoline spill 4,000 feet
from the MISSISSiPPi River Table 6-6 summarizes the
processes mcluded 10 each model and the predicted
concentratIOn (as a percentage of mltlal concentration)
after traveling from the spill site to the river There IS a
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Figure 6-5 Time of travel contours In a dolomite aquifer based on (a) potentiometric surface map, (b) numerical modeling (from
Bradbury et al 1991)

two-order-of-magmtude range In the predicted concen
trations For the purposes of evaluating contaminant
transport within a WHPA, the analytical models In Table
6-6 appear to be the most useful

6.4.5 Code Selection Process for VIIellhead
DelineatIon

As dIscussed In the introduction to this chapter, there IS
a continuous spectrum for increasing soptllstlcatlon In

computer modeling of ground water, ranging from use
of Simple analytical equations In spreadsheets on a PC
(Section 6 4 1) to complex ground water flow and con
taminant transport models that reqUire a mainframe
computer

If an IBM PC/ATIXT or compatible with at least 640K of
RAM (random access memory) and personnel with
some technical expertise In ground water al e available,
low-cost PC software can be conSidered for any well
head area When an aqUifer IS anisotropic and hetero
geneous, PC computer modeling IS required, unless the
limitations of Simple analytical solutions can be over
come or very conservative assumptions cue used In
calculations for delineating a WHPA The follOWing steps
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can help In selecting one or more codes for a slte
speCifiC application

1 Use Checklist 4-1 (AqUifer Charactenstlcs for Selec
tion of Analytical Solutions to Ground Water Flow In

the VICInity of Wells) to Identify aqUifer, matnx, and
flow charactenstlcs

2 For each candidate model selected, fill out Work
sheet 6-1 to develop a detailed profile of the charac
tenstlcs of the site and the model For all models with
an IGWMC Identification number, thiS detailed infor
mation can be obtained from Appendices B (Evalu
ation of Usability and Reliability) and C (Detailed
Annotations) In van der HelJde and BelJln (1988),
available from the National Technical Information
Service Worksheet 6-1 also contains an area for
defining the speCifications for the computer and pe
npherals on which the software Will be run

3 Compare the code SUitability worksheets (Worksheet
6-1) for each model and eliminate any that do not
seem appropnate based on a qualitative weighing of
(1) model charactenstlcs (Including compleXity of re
qUired mput data and gnd design), (2) model output,
(3) usability and reliability, and (4) cost For the re-



Worksheet 6-1.
Worksheet for Developing Ground Water Computer Code Specifications or Evaluating Code

Suitability for a Specific Site

Model Name' _ IGWMCNo

Contact _
Address _

Phone'

Ava1lable from IGWMC
Other LocatIon

SlteIModeI01aractenstIcs

Unconfined (water table)
Senuconfined (leaky)
Confined
Smgle aqwfer
Multiple aqwfers
Isotropic
Homogeneous
AniSOtroPiC
Heterogeneous
Radial
One-duncnsIonal
'I\vo-dlmenSlonal
Three-dImensional
Steady flow
TranSlent flow
Variably saturated flow
Single-phase flow
Multi-phase flow
Hydrodyanmrc dISpersIon
Retardation
Decay/degradation

Boundary Conchtions See O1eckbst S-l

Slte/Model Output

Zone of Influence
Cone of DepreSSion
TIme of Travel
Velocity
Pathways
Zone of Contnbutlon
Fluxes
ConcentratIon

Usabillty

YesNo ?

___Preprocessor
___Postprocessor
___User's mstructIons
___Sample problems
___Hardware dependency
___Support

Model System Reqwrements

_ mM PC/AT/X:f (Circle)
__ Other Computer _
Random Access Memory

640K
4MB

_ Other ( )
DISk Drives
_ Smgle floppy (lID ---' DD -->
_ Two floppy (lID ---> DD -->

Hard dnve
DISk Operating System

DOS21
_>DOS21( )
Math Coprocessor
__ ReqUired
__ Optional
Graplucs

CGA
EGA
VGA

RebabJhty

Yes No ?

___ TheoI)' peer-reVIewed
___ CodIng peer-reVIewed
___ Venfied
___FIeld vabdatlon

Avatlable Computer
Match System ReqUirements?
Yes No

Model Users _ m.any, _ few, _ unknown
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Table 6-6 Comparison of Predicted Concentrations of BTX Using the Same Inputs for Twelve Different
Models (Arnold, 1992)

Variables Included

Results %
Chemical Time to of Initial

Model Name Dispersion Retardation Decay ~Blodegradatlon Run cone.

Numerical Models

AT123D x x x x hrs-day 01
(Yeh, 1981)

Bloplume II x x x x days-wk 4
(Bedient, 1989)

Conmlg x x x x 1·2 hrs 5
(Walton, 1989)

Hydropal Slug x 1·2 hrs 6
(Watershed, 1988)

MOC (Old) x x days-wk 15
(Konlkow, 1978)

MOC (New) x x x x days-wk 4
(Konlkow, 1978)

Random Walk x hrs 13
(Watershed, 1988)

SLAEM x x x days 3
(Strack, 1989)

Analytical Models

COT Nomograph x x 1-2 hrs 6
(Dragun, 1989)

HPS x x hrs-day 5
(Galya, 1987)

Rapid Assessment x x x x 2-4 hrs 15
Nomograph

(Guswa, 1987)

Wilson-Miller x x x 1-2 hrs 8
Nomograph

(Kent, 1982)

malnlng codes, contact the person or organization
from which the code IS available to (1) find out current
pnce and availability information, and (2) determine
whether It will work on the available hardware If cost
IS not a limitation, all codes that are left In this last
screemng step and Will work on the available hard
ware should be obtained

The use of multiple methods (inCluding those In Chap
ters 4 and 5) IS always preferable to the use of a Single
method If different methods delineate Similar areas, this
Increases the confidence that an appropnate area IS
being deSignated Large differences In an3as uSing dif
ferent delineation methods result In a Ibetter under
standing of the hydrogeology of the site If the reasons
for the differences can be discerned This under
standing, In turn, allows selection of a WHPA that most
accurately reflects site conditions
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6.4.6 Potential Pitfalls

Computers can eaSily give a false sense of secunty or
cause unwarranted confidence In the results The adage
"garbage In, garbage ouf' always applies The proce
dures outlined above are Intended to reduce the chance
that computer codes are used Inappropnately, but It IS
useful to keep In mind pitfalls that can doom a ground
water modeling effort to failure (OTA, 1982, van der
HelJde et al , 1985)

1 Inadequate conceptualization ofthe physical system,
such as flow In fractured bedrock

2 The use of inSUffiCient or Incorrect data

3 The Incorrect use of available data

4 The use of mvalld boundary conditions

5 Selection of an madequate computer code



Table 6-7. Index to Major References on Ground Water Flow and Contaminant Transport Modeling

Toplo References

General· Texts Anderson and Woessner (1992), Bachmat et al (1980), Bear and Bachmat (1990), Bear and VerrulJt
(1987), Boonstra and de Ridder (1981), Cleary and Ungs (1978), Codell et al (1982), Dagan (1989),
Domenico (1972), Fried (1975), Ghadiri and Rose (1992), Javendel et al (1984), Klnzelbach (1986), Mercer
and Faust (1981), National Research Council (1990), Pinder and Gray (1977), Remson et al (1971), van del'
Heljde et aI (1985), van Genuchten and Alves (1982), Walton (1988), Wang and Anderson (1982),
ZlenkiewlCz (1977), ComputatlonallMathematlcal Methods Boas (1983), Burden et al (1981), Cella et al
(1988), Cross and Moscardlni (1985), Gerald and Wheatley (1984), Hunt (1983), Huyakorn and Pinder
(1983), Istok (1989), James et al (1977), Press et al (1986), Rushton and Redshaw (1979), Boundary
ConditIons Franke and Reilly (1987), Franke et al (1987), Rev/ew Papers Anderson (1979, 1983, 1987),
Bear et al (1992), Faust and Mercer (1980a, 1980b), Gorelick (1983), Koni/<ow and Mercer (1988), Mercer
and Faust (1980), Naymlk (1987), Pnckett (1979), Prickett et al (1986), Yeh and Tnpathl (1989),
Blbltographles Edwards and Smart (1988)

ConferorICoslSymposla Arnold et al (1982), Buxton et al (1989), Cella et al (1988), Custodio et al (1988), Dickson et al (1982),
Haimes and Bear (1987), Jousma (1989), Kovar (1990), Melli and Zennettl (1992), NWWAJIGWMC (1984,
1985,1987, 1989), NGWAJlGWMC (1992), Wrobel and Brebbla (1991)

RavlawsiComparisons Appel and Bredehoeft (1976), Appel and Reilly (1988), Bachmat et al (1978), Beven (1989), BelJIn (1988),
EI-Kadl and BelJln (1987-vadose zone), EI-Kadl et al (1991), IMS/OSWER (1990), Kayser and Collins
(1986), Kincaid and Morrey (1984), Kincaid et al (1984), Mangold and Tsang (1987), Mercer et al (1982),
Morrey et aI (1986), van der HelJde and BelJln (1988), van del' HelJde and Elnawawy (1993), van der HelJde
at al (1988), Simmons and Cole (1985), Thompson at al (1989), US EPA (1988), Whelan and Brown
(1988)

Applications Anderson and Woessner (1992), Bachmat et al (1978), Boonstra and de Ridder (1981), Boutwell et al
(1985), Bredehoeft et aI (1982), Haimes and Bear (1987), Keely (1987), MoskOWitz et al (1991), National
Research CounCil (1990), OTA (1982), US EPA (1988), van der HelJde (1991), van der HelJde et al (1985),
Whelan and Brown (1988), WHPA Delmeat/on BelJln and van del' HelJde (1991), van der HelJde and BelJln
(1988)

Quality Control Adrlon et al (1981), Bredehoeft and KOnlkow (1993), Buxton et aI (1989), California TOXIC Substance
Control Program (1990), Huyakorn et al (1984), Kovar (1990), McCombie and McKinley (1993), Ross et al
(1982), Siegel and Leigh (1985), US EPA (1989), van del' HelJde (1987b, 1989, 1990)

Other PC-Based Models·· Ground Water Flow Aral (1990a-5LAM, 1990b-ULAM), Walton (1984a, 1984b-WALTON35,
1989b-WELFLO, 1992), ContamInant TransportlB/odegradatlon Bedient et al (1989-BIOPLUME), Freeze
et al (1992), Konikowand Bredehoeft (1978-MOC), Mueller and Crosby (1989-companson), Mundell et
aI (1992-TDAST), Park et aI (1992-VIRALT), Pnckett and Associates (1984-Random Walk), Strack
(1989-SLAEM), Rlfal et aI (1988-BIOPLUMEII), Walton (1989a-Random Walk, 1989b-CONMIG), Yeh
(1981-AT123D), Spreadsheets Highland (1987)

Selected Topics Analytic Element Methods HaltJema (1985), Strack (1987, 1989), Capture Zones see Table 6-6, Stochastic
Modeling Ahlfield and Hyder (1990), Dagan (1989), Delhomme (1979), EI-Kadl (1984), Gelhar (1986, 1993),
G6mez-Hernandez Gorelick (1989), Mclane (1990), Smith (1987), van der HelJde (1985), Vomvons and
Gelhar (1986), Yen and Guymon (1990), Modelmg ContamInant TransportlB/odegradatlOn BelJln (1988),
Ceha et al (1989), Dragun (1989-0DT nomograph), Galya (1987), Guswa et al (1987-Rapld Assessment
Nomograph), Kent et al (1982-Wilson-Mlller Nomograph), Kindred and Ceha (1989), HydrogeochemIcal
ModelIng Nordstrom and Ball (1984), Rice (1986), Siegel and Leigh (1985), Fracture Flow Modelmg
Schmeiling and Ross (1989), van del' HelJde and EI-Kadi (1989), MUlt/phase Flow Modelmg Abnola (1988),
EI-Kadi et aI (1991)

• See Tabla A-1 for ground water and hydraulics tests that cover analytical equations
•• See also models identified In Table 6-6

6. Incorrect Interpretation of the computational results

7. Imprecise or wrongly posed management problems

Computer modeling reqUIres expertise In both hydro
geology and computer technology The technology and
software may be more readily available than the exper
tise When In doubt, consult an expert In government or
academia or a consultant With speCial expertIse In com
puter modeling of ground water
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6.5 Sources of AdditIonal InformatIon on
Ground Water Modeling

The trend toward development of relatively inexpensIve
and user-fnendly codes for ground water modeling on
pes Increases the nsk that pitfalls Identified In the last
sectIon will occur Users may lack the reqUIred breadth
of knowledge about hydrogeology and computer model
Ing Short courses (usually fOCUSing on a limited number



of codes), such as those sponsored by the IGWMC, the
National Ground Water AssociatIon, and various univer
sities, are the best way to gain hands-on expenence with
the more sophisticated models Many good texts are
available that address basIc hydraulics and hydrogeol
ogy (Appendix A, Table A-1) and computer modeling
Table 6-7 provides an Index to major text references and
review papers on pnnclples and applications of ground
water flow and contaminant modeling

The software catalog of the IGWMC (see address be
low) contains more than 70 PC-based ground water
programs that can be purchased for pnces ranging from
fifty to several hundred dollars (IGWMC, 1992) Ground
water flow and quality source codes developed by the
US Geological Survey can be obtained for IBM-com
patIble senes 360 or 370 computers ($40 00 per pro
gram) from U S Geological Survey, WRD, National
Water Information System, 437 National Genter, 12201
Sunrise Valley Dnve, Reston, VA, 22092 Appel and
Reilly (1988) provide' summary descnptlons of these
codes Many commercially developed cocles, including
enhanced versions of public domain codes such as
MODFLOW, are available Two good sources of com
mercially available software are SCientific Software
Group (1993), and Rockware SCientifIc Software (1993)

The continuing enhancement of eXisting software and
the development of new codes makes keeping abreast
With new developments a challenge 1he follOWing
newsletters (available at no cost) are useful for this
purpose

• IGWMC Ground Water Modelmg Newbletter IS pub
lished by the International Ground Water Modeling
Center, Colorado School of Mines, Golden, CO,
80401-1887 (303/273-3103)

• Geraghty & MIller Software Newsletter IS a periodiC
publication of the Geraghty & MIller Modeling Group
(10700 Parkrldge Boulevard, SUite 600, Reston, VA
22091, 703/758-1200)

• GeoTrans Newsletter often contains mformatlon on
applications and recent developments In ground
water modeling (46050 Manekln Plaza, SUite 100,
Sterling, VA 22170, 703/444-7000)

The SCientific Journals Ground Water and Water Re
sources Research are the best sources of peer
reviewed research on ground water modeling Penodlc
conferences sponsored JOintly by the Nattonal Water
Well AssociatIOn and IGWMC are excellent sources of
InformatIon on new developments and pra,ctlcal appllca
ttons In ground water modeling (NWWAlIGWMC 1984,
1985,1987,1989, NGWAlIGWMC 1992) Table 6-7 lists
other conferences and symposia addreSSing ground
water modeling
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EPA's Center for Subsurface Modeling Support
(CSMoS) proVides ground water and vadose zone mod
eling software and services to public agencies and pri
vate companies throughout the United States Its
primary aim IS to proVide direct technical support to EPA
and state deCISion makers and to coordinate the use of
models for nsk assessment, site characterization, reme
dial actiVitIes, wellhead protection, and geographIc
information systems (GIS) applications The Center's
address IS

Center for Subsurface Modeling Support
US EPA
R S Kerr EnVIronmental Research Laboratory
PO Box 1198
Ada, OK, 74820
(405) 332-8800
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Chapter 7
DevelopinfJ a Wellhead Protection Program

Delineation of a wellhead or aquifer protection area,
covered In Part I of this handbook, IS only one step In
the multi-faceted process of developing a wellhead pro
tection program Part II of this handbook focuses on
Implementation of wellhead protection an3as (WHPAs)
at a local or regional level This chapter provides an
overview of the key steps In Implementing a wellhead
protection program, and the remaining chapters address
the major steps In addition to WHPA delineation that
Involve technical Issues contaminant Identification and
risk assessment (Chapter 8) and management of
WHPAs (Chapter 9) Chapter 10 provides some case
studies that Illustrate how Implementation may be af
fected by the natural hydrogeologic settmg and social
and political conditions In an area

7.1 Overview of the Process
EPA's seminar publication Wellhead Prote(~tlon A GUIde
for Small Commumtles (U S EPA, 1993) defines five
steps to developing a wellhead protection program

1 Form a community planning team

2 Define the land area to be protected

3 Identify and locate potential contaminants

4 Manage the wellhead protection area

5 Plan for the future 1

Step 1 IS the initial step In creating an evolving structure
for developing and Implementing a wellhead protection
program It contains three essential elements

1 WHPA delineation (Section 72, and Part I)

2 Contaminant Identification and risk assessment
(Section 7 3, and Chapter 8)

3 WHPA management (Section 7 4, and Chapter 9)

The planmng phase of developing a wellhead protection
program addresses mainly the first two elements listed
above WHPA delineation and contaminant Identifica
tion/risk assessment The planning phase also Includes
Identifying realistic options for WHPA management

1 In thiS handbook, planning for the future IS considered part of the
ongomg process of managmg the WHPA
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based on information concerning the type, location, and
risk posed by chemicals In the delineated WHPA The
ImplementatIon phase beginS with selection of methods
to be used to protect the area, contingency planning,
and ongoing management and momtorlng for as long as
the program eXists (Section 7 5)

Wellhead and ground water protection typically requires
a cooperative effort at all governmental levels-local,
state, and federal-and between Units of local govern
ment Initiation at the local level Will make the process
more responsive to local needs Local Imtlatlon allows
retention of local autonomy where autonomy IS Impor
tant, and negotiation of cooperative arrangements with
other small communities or governmental unrts when
the greater resources of a multi-Jurisdictional approach
are reqUired

The actual structures used for planning and Implemen
tation should be compatible With any state-level well
head protection program, and appropriate for the
community or commUnities served by the wells or aquI
fers reqUiring protection The approach may vary some
what, depending on the size of the community and
whether multiple JUrisdictions are likely to be affected
by a wellhead protection program

7.1.1 Establishing a Community Planning
Team

For a wellhead protection program to be responsive to
local needs, the diverse perspectives and Interests of
the community must be Involved from the very begin
ning ThiS usually IS best accomplished by establishing
a planning team or committee With clear responsibility
for carrying out the planning phase of a wellhead pro
tectIon program Such a team serves several Important
functions (1) ensuring that the concerns of different
segments of the commumty are addressed on an ongo
Ing baSIS dUring the planning process, (2) serving as a
focal POint for public mput dUring the process of evalu
atmg alternative management options for wellhead pro
tection, and (3) prOViding a core of leadership for
educatmg the Wider public and Implementing the well
head protection program



The membership of the team should Include local gov
ernment officials who are In a position to set policy and
make funding decisions, as well as respected commu
nity members who can explain and promote the program
within their respective constituencies Types of indIVIdu
als who might serve on a planning team Include

• Representatives of agnculture, business, and labor

• Member of local chapter of envlronmentaVconserva-
tion organization

• Mayor.

• City counclt member

• County board member or supervisor

• Personnel from dnnklng water/wastewater treat-
mentllandfill faCIlities

• County sanitanan or health board member

• County emergency management representative

• Representative of home owners' or neighborhood as-
sociation

• Academic or research person

The type of community served by a drinking water sup
ply system Will largely determine the types of govern
ment officials that would be Involved in such a planning
committee The proportions of the population In the
planning area that are urban and rural and the actIVIties
that contribute to the area's economy will determine the
community Interests that should be represented on the
committee Well-defined community Interest groups
such as those representing bUSiness, agriculture, and
the environment-are best represented by indIVIduals In
leadership positions (such as an offiCial of the Chamber
of Commerce or area development corporation, mem
ber of Soli and Water Conservation Dlstnct Board, presI
dent of local chapter of an environmental organization)

Most members of the planning committee do not need
to have special technical expertise By including person
nel from dnnking water and wastewater treatment faCIli
ties, the team Will have members With technical
expertise In the main areas of concern and also Will have
a ready resource for answenng questions about the
current situation With respect to dnnklng water and
wastewater treatment

The planning committee should not do all the work, but
rather should delegate, coordinate, and Integrate the
various actIVities reqUired ThiS can be accomplished
through mechantsms such as work groups, task forces,
and ad hoc or special committees established as
needed to perform detailed work In the areas of WHPA
delineation, contaminant Inventory, Identification of
management options, and Implementation of solutions
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7.1.2 Obtaining Technical Assistance

Early In the planning process, local expertise in addition
to that already represented on the planning committee
should be Identified by compiling a list of the names,
addresses, and phone numbers of indiViduals In the
area who have expertise (or who supervise indiViduals
With expertise) In the areas of solis, geology, environ
mental protection, dnnklng water and wastewater
management, and hazardous/mUnicipal waste man
agement The list might Include the follOWing

• Person(s) responSible for water and wastewater
treatment faCIlities (If not already part of the planning
team)

• Person(s) responSible for mUnicipal solid waste land
fills

• County sanltanan

• Chlef(s) of town and/or volunteer fire department(s)

• Representatives from federal or state service agen
cies In the area (SOil Conservation Service, Coopera
tive extension)

• Representatives from federal or state resource man
agement agency offices in the area (such as the Fish
and Wildlife Service, Bureau of Land Management,
Forest Service)

• Owners or managers of any major bUSinesses that
might employ SCientists or engineers

• PreSidents or preSiding officers of any CIVIC organiza
tions (such as Rotary, Lion's Club) and local affiliates
of state or national environmental organizations

• SCience faculty (geology, chemistry, biology, etc) and
engineering faculty In any local educational inStitU
tions (high school, JUnior colleges, and 4-year
colleges)

• Retired persons, espeCially those With technical
backgrounds

PartiCipation by indiViduals on thiS list can be soliCited
by sending a letter to each one that (1) descnbes the
purposes of the planning committee, (2) asks for an
indication of the Willingness and availability of each
Identified indiVidual to partiCipate In the process, and (3)
asks them to Identify any other indiViduals With expertise
who might be able to prOVide assistance The letter
should make It clear that different levels of partiCipation
are pOSSible, such as (1) being available to answer
questions by phone, (2) prOViding technical review of
documents, (3) participating on subcommittees or task
groups, and (4) prepanng written matenals



7.2 Selection of Methods for Wellhead
Protection Delineation

The state wellhead protection coordlnatolr should be
contacted to determine If there IS any state gUidance
regarding the methods that can or should be used to
delineate WHPAs For example, Table 7-1 presents pro
posed gUidance from the state of Georgia Identifying
generic wellhead protection areas (1) a fixed radiUS
"control zone" In the Immediate VICInity of all wells, (2) a
fixed radiUS "Inner management zone" based on
whether the aquifer IS confined, unconfl",,~d, or karst,
and (3) an "outer management zone" for which different
delineation methods are specified, depending on the
hydrogeologic setting Methods used for delineating the
outer management zone Include (1) graphical determi
nation of radiUS based on pumping rate In crystalline
rock aqUifers (Figure 7-1), (2) hydrogeologic mapping In
karst aqUifers, and (3) 5-year time of travel or volumetriC
calculations In unconfmed or partially confined porous
media aqUifers

o 50 100 150 200 250 300 350 400
PUKPIBG RATS - Q (GPK)

Figure 7·1 RadiUS of outer management zone based on pump
Ing rate for crystalline rock aqUifers, Piedmont and
Blue Ridge (Georgia Department of Natural Re
sources, 1992)

Table 7·2 Zones for Wellhead Protection Areas In Idaho
(Idaho Wellhead Protection Work Group, 1992)

CriterIa and
Zone Thresholds Methods

15 feet
25 feet

100 feet
250 feet
500 feet

Table 4-1 (Chapter 4) summanzes the relative advan
tages and disadvantages of the major methods for de
lineating WHPAs Figure 7-2 prOVides a flow chart for
delineating a WHPA ThiS figure Identifies the appropn
ate sections, tables, checklists, and worksheets In Part
I of thiS handbook for obtaining the reqUired information
at each stage In the flow chart Figure 7-2 shows that
some form of hydrogeologiC mapping IS reqUired for any
WHPA delineation effort At a minimUm, thiS would in
volve collecting and compiling eXisting data and maps
of the area (Worksheet 5-1) Collection of additional
data, as needed, IS an ongoing process at each step In
the process State wellhead protectlon programs may
Specify or prOVide gUidance In selecting criteria (I e,
time of travel Isochrons, drawdown limits) for delineating
WHPAs uSing Simple analytical methods or computer
models

Use of multiple approaches to delineating a WHPA (I e ,
moving as far through the flow chart In Figure 7-2 as

The Idaho wellhead protection program, on the other
hand, Identifies four major zones within a wellhead pro
tection area, with a fixed radiUS used to Zone IA (Table
7-2). Zones 18 and Zone II are delineated based on time
of travel usmg hydrogeologic mapping, semlanalytlcal,
analytical, or numerical modeling based on site-specific
data Finally, Zone III Includes known recharge areas
and flow boundanes based on hydrogeologic mapping

Table 7·1 Generic Wellhead Protection Areas Ploposed fOI
Georgia (Georgia Department of Natu~al

Resources, 1992)

CONTROL ZONE

All Welfs
ImperviOUs surface (pavement)
Pervious surface (soli)

INNER MANAGEMENT ZONE

All Welfs

Confined aqUifer wells
Unconfined aqUifer wells
Karst aqUifer wells

OUTER MANAGEMENT ZONE

Piedmont and Blue Ridge (Crystallme Rocks)

Pumping rate RadiUS of outer management
zone determined by "Heath
method"

Karstlc Valley and Ridge and Coastal Plam (Unconfined Aquifer)

Hydrogeologic mapping (by EPO)

Coastal Plam (Unconfined or Partially Confined Porous Media)

5-year time of travel or volumetriC calculations (by EPO)

Coastal Plam (Completely Confmed Aquifer)

None
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ZonelA

ZonelB

Zone II

Zone III

Minimum distance of
50 feet for wells
MInimum distance of
100 feet for spnngs

Two-year time of
travel

Five-year time of
travel

Known recharge
areas and flow
boundanes

Fixed radius

Hydrogeologic mapping.
semianalytical, analytical,
or numerical modeling
uSing site specific data

Hydrogeologic mapping,
semlanalytlcal, analytical,
or numerical modeling
uSing site-specific data

HydrogeologIC mapping



Collect existing data
(Worksheet 5-1)

Yes

No

No

No

Collect adcItIonaJ
data as needed,
calibrate modal

Detennlne TOT or
drawdown crltena, use
appropnate equation

Use appropriate
geometric method

(Section 4.3)

Hydrogeologic mapping
as required (Chapter 5)

Identify aquifer boundary
conditions (Checklist 5-1)

No

Perfonn hydrogeologic mapping
to dGtonnlne flow boundaries

and vulnerable areas (Chapter 5)

Collect existing water well
data (Worksheet 2-1)

Review available ground
water models

(Worksheet 6-1, Table 6-5)

estimate aquifer properties
(Section 3 2, Worksheet 2-1)

Identify aquifer characteristics
for selection of analytical
methods (Checklist 4-1)

DelIneate
WHPA

Rguro 7·2. Row chart for selection of wellhead protection area delineation methods
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time and financial resources allow) Increases the likeli
hood that the area delineated excludes areas that do not
actually contnbute ground water to the well Two Situ
ations that might require uSing more sophisticated de
lineation methods, such as computer modeling, Include
(1) the presence of a large number of potential sources
of contamination, (2) the presence of strong Opposition
to regulatory controls for wellhead protection In the first
situation, the use of more sophisticated methods may
avoid unnecessary effort devoted to inventorying poten
tial contaminant sources outside the zone of contnbu
tlon In the second case, opposition may be partly
defused by excluding areas from regulatory controls that
might otherwise have been Included More sophisticated
methods are also easier to defend against legal
challenge

Several authors have stressed the uncertainty In the
outcomes of the vanous computational approaches to
WHPA delineation (VarlJen and Shafer, 1991, Balr et al ,
1991, Llnderfelt et ai, 1989, McLane, 1990, and Tiede
man and Gorelick, 1993) They believe that due to the
sometimes senous land use decIsions to be made
based on wellhead protection, the uncertainty In the
boundanes of the WHPAs should be directly incorpo
rated Into establishment of the ground water protection
policies

7.3 Contaminant Identification and Risk
Assessment

Once a WHPA has been delineated, the next stage
Involves two distinct but Interrelated actIVIties (1) an
Inventory of the type, location, and amount of all sources
within the WHPA that could potentially contaminate the
well or well field, and (2) an assessment of the nsk that
cOntamination will actually occur Section 8 2 (Contami
nant Identification Process for Wellhead Protection) and
Section 8 3 (Inventory of Potential Sources of Contami
nation) prOVide detailed checklists for Identifying the
Wide range of potential contaminant sources and tables
that prOVide Information on the charactenstlGs of speCifiC
sources

The source Inventory process can be carned out by
volunteers who have received a modest amount of tram
Ing Pilot projects sponsored by EPA and the Amencan
ASSOCiation of Retired Persons (AARP) In 1990 In EI
Paso, Texas, and Elkhart, Indiana, tramed rletlred volun
teers to survey potential sources of ground water con
tamination In the VICInity of public water supply wells
The success of these efforts has led to EPA!AARP Local
Dnnkmg Water Partnership projects In at least 14 states

The nsk assessment process can range from somethmg
as Simple as classifying sources wlthm a WHPA as
"high," "medium," or "low" nsk to uSing computer model
Ing of contaminant transport to calculate potential

exposure to speCifiC contaminants Section 8 4 de
SCribes the vanous approaches that can be taken In
assessing the nsk posed by potential contaminant
sources wlthm a WHPA

7.4 Selection of Wellhead Protection
Management Methods

The contaminant Inventory and nsk assessment prOVide
the starting pOInt for Identifying options for managing a
WHPA Full Implementation of a wellhead protection
management program beginS With the selection of spe
CifiC methods for protecting ground water In a WHPA
Typical elements of a management program Include

1 Public education to Increase awareness of the need
for protection of ground water supplies, and to en
courage voluntary modifications of behaVior and ac
tiVities that may threaten ground water quality

2 Use of nonregulatory methods for increasing the
area of a WHPA devoted to land uses that protect
rather than degrade ground water quality

3 Where nonregulatory approaches are not adequate,
regulation of land use and other human actiVities that
could pose a Significant threat to ground water
quality

4 Contingency planning to prOVide for alternative water
supplies In the event of unforseen or aCCidental con
tamination of a wellhead protection area

5 MOnltonng of the effectiveness of the wellhead pro
tection program and makmg appropnate modifica
tions If objectives are not bemg met

Hlgh-nsk sources, such as onslte septic-tank SOIl ab
sorption systems, will generally require appllcatl0'l of
the most stnngent regUlatory controls, whereas low-nsk
sources can usually be addressed by nonregulatory
approaches such as public education, tralnmg, and
demonstration programs Sources that pose an Interme
diate nsk can generally be controlled by a combmatlon
of regulatory and nonregulatory approaches Chapter 9
addresses regulatory and nonregulatory approaches to
wellhead protection area management In more detail

7.5 Special Implementation Issues

Implementing a wellhead protection program presents
speCial challenges for dnnklng water systems that serve
small communities, which are faced With the task of
addressmg the reqUirements of multiple environmental
programs With limited technical and finanCial resources
(Section 7 5 1) Another common difficulty In managing
a WHPA to protect ground water supplies occurs when
the boundanes of a WHPA lie outSide the Junsdlctlon of
the governmental Unit that serves the population that
obtains ItS dnnkmg water from a wellhead area (Section
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7.52) Management of WHPAs In settmgs that are
highly vulnerable to contamlnatJon also presents special
challenges (Section 7 5 3)

7.5.1 Small Community Drinking Water
Systems

About 90 percent of all drinking water systems serve a
population less than 3,300 and 63 percent are ''very
small" systems serving populations less than 500 This
POPulation may be concentrated In a relatively small
area under the junsdlctlon of a town government, or may
be scattered over an area as large as a county Half of
all local governments, which typically have pnmary re
sponsibility for Implementing a wellhead protection pro
gram, serve populatIons of less than 1,000 About 75
percent of local governments have populations of less
than 3,000, and 80 percent have populations of less
than 5,000

A general characteristic of local governments that serve
small communities IS that they have few, If any, full-time
paid employees and consequently limited resources for
addressing environmental planning Without outside vol
unteer or government assistance EPA's seminar publi
cation Wellhead Protection A GUide for Small
Communities, developed In cooperation With the Na
tional Rural Water AssoclatJon (NRWA), IS a useful start
Ing point. NRWA has ground water techniCians who are
trained to assist small commUnities In developing well
head protection management programs In fourteen
states. Arkansas, Georgia, Idaho, Iowa, Kentucky, Lou
isiana, Michigan, Massachusetts, New Hampshire,
Pennsylvania, Utah, Vermont, West Virginia, and WIS
consin The procedure suggested In Section 7 1 2 for
Identifying local resources With technical expertise
would be especially useful for small communitIes

7.5.2 MUltiple Jurisdictions

As noted above, local governments generally have pri
mary responslbiltty for management of WHPAs Complt
cations arise when a WHPA for one community extends
into the jUrisdiction of one or more governmental Units
This can occur when a WHPA for a town or City extends
Into a rural area administered by a separate county
government. WHPAs also can cross county, state, and
even national boundaries Land ownership patterns
within a WHPA may also reqUire coordination With mul
tiple jurisdictions. For example, In the western Umted
States, federally owned or state-owned land commonly
will be located within a WHPA JUrisdictional questions
may become especially complex for WHPAs where sur
face and subsurface ownership differ (common In the
western United States), and for WHPAs that Include
Indian and non-Indian lands

The biggest problem that multiple JUriSdictions pose for
wellhead protection area management IS that the local
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government serving the people most directly concerned
With protection ground watel quality IS typically limited
In ItS ability to Impose regulatory controls outSide of ItS
JUriSdiction ThiS difficulty becomes most acute when the
vulnerable and high-risk areas of a WHPA Ite In another
JUrisdiction that has little direct incentive to Impose regu
latory controls to protect someone else's ground water
supply

As soon as It becomes eVident that a wellhead protec
tion area Will Include more than one governmental jUriS
diction, each JUrisdiction should be asked to partiCipate
In the planning and Implementation process Any JUriS
dictions chOOSing not to participate should be kept fully
Informed, and the door left open for more active partiCI
pation In the absence of legal authOrity to Impose con
trols In portIons of a WHPA located outSide the
JUriSdiction of the governmental umt With the highest
stake In protecting ground water, the power of persua
sion becomes the primary tool If the failure of another
governmental Unit to act seriously threatens the integrity
of ground water quality In a WHPA, and all efforts at
persuasion are unsuccessful, state and federal environ
mental agencies may have sources of leverage for con
vincing a recalCitrant governmental Unit to take
management actions Within a WHPA

If all efforts at enlisting cooperation fall, a wellhead
protection program must proceed Within the constraints
Imposed by the noncooperatlng Jurisdiction In thiS SitU
ation, the contingency plan for an alternative water
source In the event of contamination assumes special
Importance The wellhead protection planning commit
tee, which normally might conSider ItS job completed
once the implementation phase beginS, mIght be given
the additional task of developing a long-term plan that
would phase out water supply wells where effective
management of the entire WHPA IS not pOSSible, and
replaCing them With wells where JUrisdictional issues do
not serve as a major constraint on WHPA management

7.5.3 Systems in Highly Vulnerable Areas

AqUifers that are most vulnerable to ground water con
tamination Include (1) near-surface alluvial aqUifers, (2)
unconfined fractured rock aqUifers, and (3) karst terrains
where flow IS concentrated In condUits created by diS
solution of limestone WHPAs In these areas tend to be
larger than those for other hydrogeologIC settings, be
cause high hydraulic conductiVity allows contaminants
entering ground water to move long distances In a short
period of time 2 ThiS creates a double challenge More
aggressive management IS usually reqUired to prevent
contamination, and management practices have to be
applied over a relatively large area A large WHPA also

2WHPAs for confined aqUifers based on the cone of depression also
tend to be large, but the presence of the confining bed means that
they are not highly vulnerable to contamination



mcreases the likelihood that multiple JUriSdictions Will be
located within the WHPA (Section 7 5 2)

In vulnerable areas, accurate mappmg of aquifer
boundaries (Section 5 4 1) and characterlZdtlon of frac
ture and condUit flow (Section 5 4 2) are especially Im
portant for defmmg the wellhead prote'Ctlon area
Section 5 6 dIscusses speCial approaches to mappmg
karst areas An accurate mventory of the type and loca
tion of hIgh-risk contammant sources alslo takes on
added Importance The case studies In Sections 10 2 1
and 1024 Illustrate WHPA management m karst
aqUifers

7.6 References
Balr, E S, C M Safreed, and E A Stasny 1991b A Monte Carlo

Based Approach for Determining Traveltime-Related Capture
Zones of Wells Usmg Convex Hulls as Confidence Regions
Ground Water 29(6) 849-861 [CAPZONElGWPArH, Sandstone
aquifer, Ohio]

Georgia Department of Natural Resources 1992 The Georgia Well
head Protection Plan (September, 1992) Georgia Department of
Natural Resources, EnVIronmental Protection DIvIsion, Atlanta,
GA

151

Idaho Wellhead Protection Work Group 1992 Idaho Wellhead Pro
tection Plan (Draft) DIvIsion of Environmental Quality, Idaho De
partment of Health and Welfare, BOise, ID, 86 pp + appendices

Lmderfelt, W R , S C Leppert, and J L Wilson 1989 Capture Zones
for Wellhead Protection Effect of TIme Dependent Pumping, Satu
rated Thickness and Parameter Uncertainty

McLane, C F 1990 Uncertainty In Wellhead Protection and Deline
ation Ground Water Management 1 383-397 (Proc of the 1990
Cluster of Conferences Ground Water Management and Wellhead
Protection) Eos 70(October 24) 1079 [Abstract]

TIedeman, C and S M Gorelick 1993 AnalySIS of Uncertainty In
Optimal Groundwater Contaminant Capture Design Water Re
sources Research 29(7) 2139-2153

U S EnVIronmental Protection Agency (EPA) 1993 Wellhead Pro
tection A GUide for Small Communities Seminar Publication
EPA/625/R-93-002 Available from ORD Publications, U S EPA
Center for EnVIronmental Research Information, PO Box 19963,
Cincinnati, OH, 45268-0963 (513/569-7562) (NTIS PB93-215580)

VarlJen, M and J Shafer 1991 Assessment of Uncertainty In Tlme
Related Capture Zones USing Conditional Simulation of Hydraulic
ConductiVity Ground Water 29(5) 737-748





Chapter 8
Contaminant Icfentification and Risk Assessment

Delineation of a wellhead protection area (WHPA) IS
only the first step In protecting a ground water supply
The next step requires the Identification of potential
contaminant sources within the WHPA and the evalu
ation of the risk posed by any Identified sources ThiS
information, In turn, provides the baSIS for developing
and Implementing a wellhead area management plan
(Chapter 9)

The chapter provides a national and regional perspec
tive on the extent, character, and sources of ground
water contamination (Section 8 1) Section 8 2 prOVides
an overview of the contaminant Identification process for
wellhead protection Section 8 3 provides detailed
checklists for Identifying potential sources and informa
tion on major types of contaminants associated with
speCifiC sources Finally, Section 8 4 prOVides an over
view of the process for assessing the relative risks
posed by potential contaminant sources located Within
aWHPA

8.1 Overview of Ground Water
Contamination in the Umted States

~f"

8.1.1 Extent of Contamination

A small percentage of all ground water In the United
States IS estimated to be contaminated Lehr (1982),
uSing simple assumptions of total ground water and the
extent of ground water contamination, estimated that 0 2
percent of the ground water was contammated The
Office of Technology Assessment (OTA, 1984) cited a
range of 1 to 2 percent, and concluded that the extent
of contamination IS likely to be greater because sub
stances known to contaminate ground water are used
throughout SOCiety, while efforts to detect contamination
have focused pnmarlly on public drinking water supplies
and POint sources of contamination, such as landfills
and hazardous waste sites Furthermore, even If only a
small percentage of potentially available ground water
IS contaminated, thiS percentage may be significant,
because (1) contammatlon IS often near heaVily popu
lated areas, and (2) ground water demand has In
creased for a variety of uses
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8.1.2 Types of Contaminants

EPA estimates that 52 percent of the community water
wells and 57 percent of the domestic water wells In the
United States contain I1Itrate (U S EPA, 1990c) Nitrate
In ground water has few natural sources, at levels of
greater than 10 mg/L (as nitrogen), It can be an acute
health problem FertIlizer application, madequate deSign
and maintenance of septic systems, unlined wastewater
holding ponds, leaking sewer lines, and Improper sludge
and manure application are major sources of ground
water contamination by I1Itrates

At least 63,000 synthetiC organic chemicals are In com
mon industrial and commercial use In the United States
ThiS number continues to grow by approxImately 500 to
1,000 new compounds every year (U S EPA, 1979)
More than 200 chemical substances have been found In
ground water, many of whIch could have potentially
adverse Impacts on human health (OTA, 1984) ThiS
number Includes approximately 175 organic chemicals,
over 50 inorganic chemicals (metals, nonmetals, and
Inorganic aCIds) and radlonuchdes Pettyjohn and
Hounslow (1983) proVide a good mtroductory review of
the origin and Significance of orgal1lc compounds In

ground water pollution

Qrgal1lc chemicals have become a pervasive contamI
nant In ground water supplies Page (1981) measured
the concentrations of 56 tOXIC substances (9 heavy met
als and 47 organic compounds) In more than 1,000
ground water samples and over 600 surface water sam
ples selected to be representative of the entire state of
New Jersey Each compound tested was detectable In
one or more samples Five organic compounds were
found In more than 50 percent of the ground water
samples (1,1,1-trlchloroethane-78 percent, chloroform
and carbon tetrachlorlde-64 percent, 1,1 ,2-tnchlo
roethylene-58 percent, and trans-dlchloroethylene
50 percent) An additional 20 orgal1lc compounds were
detected In 10 to 50 percent of the samples Page
(1981) determined the maximum concentrations of most
of the substances tested In ground water samples, and
the statistical analySIS indicated that overall ground
water was as polluted as surface water In New Jersey



Category I Includes sources that are Intentionally de
Signed to discharge substances Examples of these
Include subsurface percolation systems, such as septic
tanks and cesspools, Injection wells, and land applica
tion of wastewater or slUdges Such systems are de
Signed pnmarily to use the natural capacity of the SOil
matenals to degrade wastewaters Septic tanks and
cesspools have been estimated to discharge the largest
volume of wastewater Into the ground and are the most
frequently reported sources of ground water contamina
tion (U S EPA, 1977) More than 23 million homes In
the United States rely on onslte wastewater disposal
systems, the use of septic system cleaners that remove
grease and kill roots may result In ground water contami
nation by halogenated hydrocarbons and heavy metals,
respectively (Noss, 1989)

8.1.3 Sources of Ground Water
Contamination

henslve analyses of water quality at hundreds of thou
sands of wells would be reqUired (Miller, 1985) The
development of wellhead protection programs, however,
proVides a mechanism for fOCUSing efforts to Identify
contaminants and assess nsks m the areas of greatest
need

Sources of ground water contammatlon can be catego
nzed In a number of ways ThiS section prOVides a
general overview, usmg an analySIS by the Office of
Technology Assessment's grouping 33 types of ground
water contamination sources Into SIX major categones
(Table 8-1) based on the general nature of the contami
nating actiVity (OTA, 1984) Figure 8-2 depicts a number
of these sources Section 8 3 prOVides a detailed Iden
tification of pomt and non-point sources of potential
contamination

Injection wells are another potential source of contami
nation Injected wastewaters are often placed In unus
able zones to be aSSimilated With poor quality ground
water of natural ongln Current regulations prohibit inJec
tion of wastes Into an underground source of dnnklng
water (USDW) or contamination of a USDW by deep
well Injection Injection of hazardous wastes IS regulated
under EPA's Underground Injection Control Program

Land application, a popular and inexpenSive method of
dispOSing of wastewater and sludge, can pollute ground
water In several ways (1) organic and morganlc con
taminants In directly applied wastewater can move di
rectly Into ground water If the SOil's filtration capacity IS
exceeded, and (2) preCipitation infiltrating through land
applied sludges may leach contammants In the ground
water system EPA (1983) estimated that 40 to 50 per
cent of the mumclpal sludge generated every year IS
applied to the land
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The Ground Water Supply SUNey (GWSS) conducted
by U S EPA provided InformatJon on the frequency with
which volatile organic compounds (VOCs) were de
tected In 466 randomly selected public ground water
supply systems (Westnck et al , 1984) The sUNey de
tected one or more VOCs In 16 8 percent of the small
systems and 28 0 percent of the large systems sampled
Two or more VOCs were found In 6 8 percent and 13 4
percent of the samples from small and large systems,
respectively The two VOCs found most often were
trichloroethylene (TCE) and tetrachloroethylene (PCE)

Palmer et al (1988) reviewed data on Superfund sites
based on the pnmary hazardous substances detected
(see Figure 8-1) Sites contaminated by orgamcs made
up the largest group, including 136 Sites, 78 sites were
contaminated by heavy metals IndiVidual organic com
pounds frequently singled out as major contaminants
IncludeTCE, polychlonnated biphenyls (PCBs), toluene,
and phenol Arsenic and chromium are the most fre
quently Identified IndiVidual heavy metal contammants

A rehable determination of the extent and seventy of
ground water degradation and associated health nsks in
the United States IS probably not feaSible because (1)
tens of thousands of sites where a potential for contami
nation exists are not being monitored, and (2) compre-

NUMBER

Flgure 8-1. Major contaminants at Superfund sites (from Pal·
mer et 81,1988)
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Table 8-1 Sources of Ground Water Contamination

Category !-Sources Designed to Discharge Substances

Subsurface percolation (e g , septic tanks and cesspools)

Injection wells
Hazardous waste
Nonhazardous waste (e g , brine disposal and drainage)
Nonwaste (e g , enhanced recovery, artificial recharge, solution
mining, and In Situ mining)

Land application
Wastewater (e g, spray Irrigatton)
Wastewater by-products (e g , sludge)
Hazardous waste
Nonhazardous waste

Category I!-Sources Designed to Store, Treat, ~Ind/or

DIspose of Substances, Discharge through Unplanned Release

landfills
Industrial hazardous waste
Industnal nonhazardous waste
MUnicipal sanitary

Open dumps, including Illegal dumping (waste)
ReSIdential (or local) disposal (waste)
Surface Impoundments

Hazardous waste
Nonhazardous waste

Waste tailings
Waste piles

Hazardous waste
Nonhazardous waste

Materials stockpiles (nonwaste)
Graveyards

Animal burial
Aboveground storage tanks

Hazardous waste
Nonhazardous waste
Nonwaste

Underground storage tanks
Hazardous waste
Nonhazardous waste
Nonwaste

Containers
Hazardous waste
Nonhazardous waste
Nonwaste

Open burning and detonatton sites
RadioactIVe disposal sites

Source OTA (1984)

Category II Includes sources deSigned to s,tore, treat, or
dispose of substances but not to release contaminants
to the subsurface Examples Include landfills, open
dumps, local residential disposal, surface Impound
ments, waste tailings and plies, matenals stockpiles,
graveyards, aboveground and underground storage
tanks, containers, open burmng Sites, and radioactive
disposal sites It IS Important to note that while a number
of sources In thiS category are conSidered "waste"
sources (e g, landfills, dumps, Impoundments, etc),
many others are "nonwaste" sources Storage tanks,
stockpiles, and a vanety of containers With reSidues of
commercial products have been found to contnbute con
taminants to ground water
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Category III-Sources Designed to Retain Substances during
Transport or Transmission

Pipelines
Hazardous waste
Nonhazardous waste
Nonwaste

Matenals transport and transfer operations
Hazardous waste
Nonhazardous waste
Nonwaste

Category IV-Sources Discharging Substances as
Consequence of Other Planned Activities

Irngatlon practices (e g , return flow)

Pesticide applications

Fertilizer applications

Animal feeding operations

De-ICing salts appllcattons

Urban runoff

Percolation of atmospheric pollutants

MIning and mine drainage
Surface mine-related
Underground mine-related

Category V-Sources Providing Conduit or Inducing
Discharge through Altered Flow Patterns

Production wells
011 (and gas) wells
Geothermal and heat recovery wells
Water supply wells

Other wells (nonwaste)
MonitOring wells
Exploration wells

Construction excavation

Category VI-Naturally Occurring Sources Whose Discharge
Is Created and/or Exacerbated by Human Activity

Ground water-surface water interactions

Natural leachmg

Saltwater Intruslonlbracklsh water upcommg (or IntrUSIon and
other poor quality natural water)

Category III consists of sources deSigned to retain sub
stances dunng transport or transmiSSion Such sources
consist pnmanly of pipelines and matenals transport or
transfer operations Contaminant releases generally oc
cur by aCCident or neglect-for example, as a result of
pipeline breakage or a traffiC aCCident Again, most sub
stances subject to release from sources within thiS cate
gory are not wastes but raw matenals or products to be
used for some benefiCial purpose

Category IV Includes those sources discharging sub
stances as a consequence of other planned actiVities
ThiS category contains a number of agnculturally related
sources such as Irrigation return flows, feedlot opera
tions, and pestiCide and fertilizer applications A number
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Figure 8-2 Sources of ground water contammation (from Geraghty and Miller, 1985)

of sources related to urban actIVIties, such as highway
desalting, urban runoff, and atmosphenc depOSition, are
included Surface and underground mine-related drain
age also fall within thiS category

Category V compnses sources prOViding conduits or
inducing discharge through altered flow patterns Such
sources include water, Oil, and gas production wells,
monitoring wells, exploration holes, and constructIon
excavations Ground water contamination from prodUC
tion wells stems from poor installation and operation
methods and incorrect plugging or abandonment proce
dures Such practices create opportumtles for cross
contamination by vertical migration of contaminants

Anally, Category VI includes naturally occurring sources
whose dIscharge Is Induced or intensIfied by human
activity Ground water/surface water interactIons, de
scribed in the prevIous section, and saltwater intrusIOn
or upcoming (ground water movement upward as a
result of pumpage) prOVide the baSIS for thiS category
Withdrawals that are SIgnIficantly more than recharge
can affect ground-water quality Saltwater intrusion In
coastal areas and bnne-water upcomng from deeper
formations in Inland areas both can occur when pum
page exceeds an aqUifer's natural recharge rate

Contaminants can be released from both pomt or non
point sources Pomt sources are those that release

contaminants from a discrete geographic location, in
cluding leaking underground storage tanks, septic sys
tems, and injection wells Nonpomt sources of
contamination are more extensive In area and diffuse In

nature It IS therefore difficult to trace contaminants from
nonpolnt sources back to their ongln Agrrcultural actiVI
ties (I e , application of pesticides and fertilizers), urban
runoff, and atmosphenc depOSition are potential non
POint contaminant sources

In the 1970s, U S EPA conducted a senes of regional
ground water contamination assessments (Table 8-6
Identifies the indiVidual reports) The four most com
monly reported pollutants were (1) chlondes, (2) ni

trates, (3) hydrocarbons, and (4) heavy metals Table
8-2 Identifies the major sources for these four contami
nants Table 8-3 prOVides an overview of the relative
Importance of pnnclpal sources of ground water con
taminatIon by region Septic tanks and cesspools re
ceived the hIghest ranking as a contamination source In
all four regions

8.2 Contaminant Identification Process
for Wellhead Protection

The WHPA delineated uSing one or more methods de
scnbed In the preceding chapters proVides the focus for
efforts to Identify potential sources of contamination
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Table 8·2 Source of Contamlnaftlon for Four Commonly Reported Pollutants (MIller and Scalf,
1974)

Source Chlorides Nitrates Hydrocarbons Heavy Metals

Septic Tanks and Cesspools x x
Petroleum Exploration and Development x x
Landfills x x

Irrigation Return Flows x x
Surface Dischargers x x x x
Surface Impoundments x x x x
Spills x x x
BUried Pipelines and Storage Tank', x x x'
MIning Activities x
Salt-Water Intrusion x
Water Wells x x
AgrICultural ActivIties x x
Disposal Wells x x x
HIghway Deicing Salts x
Artificial Recharge x x

River Infiltration x x
Spray Irrigation by Waste Water x x

Table 8-3 Prmcipal Sources of Ground·Water Contammation and TheIr RelatIve RegIonal
Importance (Miller and Scalf, 1974)

Source Northeast Northwest South Central South"'{est

Septic Tanks and Cesspools I I I

Petroleum Exploration and Development II I I

Landfills I II II

Irrigation Return Flows IV I I

Surface Dischargers II III I

Surface Impoundments I II III

Spills I II II

BUried Pipelines and Storage Tanks I II III

Mining ActIVIties II III II

Salt-Water IntrUSion
Coastal Areas III III II I
Inland Areas I II II II

Water Wells II 'III I III

Agricultural ActiVIties
Fertlhzers III II III II
Feedlot and Barnyard Wastes III III II III
Pesticides III III III III

Disposal Wells
Deep Wells IV III III III
Shallow Wells II I III III

Highway DeICing Salts I III IV IV

ArtifiCial Recharge III IV III II

River Infiltration II II IV IV

Spray Irrigation by Waste Water III IV III III

I - High, II - Moderate, III - Low, IV - Not Significant
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The inventory should be comprehensive and should
include.

• Potential points sources (underground storage tanks,
wells, small commercial and Industnal facIlities, etc)

• Potential line sources (sewer lines, gas/petroleum
pipelines, highways with traffic that may haul hazard
ous chemicals, etc)

• Potentral area sources (waste disposal areas, agn
cultural lands receiving fertilizer and pestiCide treat
ments, etc)

The inventory should Identify the type of source, loca
tion, and types of potential contaminants at each source
The next section provides detailed checklists for Identi
fying potential sources Identification of actIve potential
sources is relatively straightforward Location of mactlve
sources, such as abandoned wells and old waste diS
posal sites, might reqUire some detective work All ex
isting maps and sources of information on past human
activity in the area should be gathered and reViewed
Interviews With long-time residents In the area could
yield valuable information that cannot be obtained In any
other way In areas with a long history of 011 and gas
exploration and production, or where the exact bounda
ries of old waste disposal sites are not known, surface
geophysical methods and other field investigation tech
nIques might be reqUired to locate and map abandoned
features Table 5-4 prOVides summary information on
potential surface geophySical methods Table 8-6 Iden
tifies references that provide more detailed information
on methods for locating abandoned wells

A convenient way to compile the results of the Inventory
is to assign each source an Identification number and
plot the identification number on a map of the WHPA
The boundanfls of the areal sources should be clearly
marked on the map Repetition of the Identifying number
along a line source prOVides a means for distingUishing
different types of sources This map proVides the focus
for subsequent protective strategy development and
land management actiVities

Where a large number of commercial and industrial sites
with potential contaminants are located within a WHPA,
a phased approach may be deSirable The first phase
would focus on Identifying all potential sources, but
would not necessanly Involve collection of detailed Infor
mation of all sites ThiS information would then be
screened to identify sites where contaminants represent
a significant potential risk based on the preliminary In
ventory. In the second phase, these sites would then be
revisited to collect more detailed information The final
step In thiS stage of the wellhead protection process
would be to evaluate the degree of threat posed by each
source. This is discussed further In Section 8 4
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8.3 Inventory of Potential Sources of
Contamination

Hundreds of nonrndustnal, commercial, and Industnal
actiVities that produce or use organrc and Inorganrc
substances pose a potential threat to ground water qual
Ity The number of potential contaminants of concern for
a given actiVity may be restncted to a few or many
substances A single comprehenSive list of these actiVI
ties for Inventory purposes would be so large as to be
unmanageable ThiS gUide offers a four-step approach
to developing an Inventory of potential sources of con
tamination within a WHPA

1 Checklist 8-1 prOVides a "short IIsf' of four major
categones of potential contamination sources A
"yes" or "uncertain" answer to any of the questions
within a major category on thiS checklist means that
use of the detailed checklist for that category should
be used (see next step)

2 Checklists 8-2 through 8-5 prOVIde comprehenSive
lists of actIVIties that may result In ground water
contamination The first two (cross-cutting sources
and non-Industnal sources) Will probably be reqUired
for most WHPAs In rural areas, the use of the re
malnrng checklists may not be reqUired Sections
8 3 1 through 8 3 2 proVide additional diSCUSSion of
these checklists

3 More detailed information should be complied for
each Item that IS Identified Within the WHPA The
follOWing worksheets In AppendiX C may prOVide
assistance In gathenng information on speCifiC
sources (1) Worksheet C-1 (ReSidential Source In
ventory), (2) Worksheet C-2 (Farm Source Inven
tory), (3) Worksheet C-3 (Agncultural Chemical
Usage Survey), (4) Worksheet C-4 (Transportation
Hazard Inventory), (5) Worksheets C-5 and C-6 (Mu
nrclpaVCommerclaVlndustnal Source Inverttory)
Worksheet 2-1 can be used to compile rnformatlon
on active and abandoned wells

4 A separate Inventory worl<sheet should be filled out
for each household or busrness by contacting the
reSIdent, owner, or other Iesponslble party The Infor
mation obtarned from rntervlews can be cross
checked and supplemented uSing Tables 8-4 and
8-5 ThiS table contarns a comprehenSive list of the
potential sources contained In the checklist (In alpha
betical order) It prOVides the follOWing information
(1) common contaminants associated With the activ
Ity, and (2) references where more detailed rnforma
tlon about the contamrnants associated With the
activity can be found FIles maintained by the Local
Emergency Plannrng Committee (LEPC), estab
lished under Title III of SARA (the Emergency Plan
nrng and Communrty Rlght-to-Know Act-EPCRA),
should also be consulted These files Identify loca-



Checklist 8-1
Potential Contaminant Source Shortlist for Wellhead Protection

Cross-Cuttmg Sources (01eclcbst 8-2)

Does the WHPA mc1ude natural ge.ologxc or hydrogeologic condttlons that lmpmr ground-water quallty for dnnlani
water? _ yes _ no Ifyes, evaluate the followmg optlons, If thJs has not already been done

Look for a1tematlve, rogher qUality water supply
Evaluate effectlveness of eXlstIng dnnlang water treatment ll}'Stem m treating water quallty problems
If there are problems Wltll the eJD.stlng ll}'Stem evaluate addlbonal or altemallve treatment tec1mologIes

Are any actIVe/abandoned wells or Iboreholes located witllm the WHPA'1 _ yes _ no _ uncertlUn? Ifyes, or
uncertlUn, conduct mventory usmg Check1Jst 8-2.

Are any above- or underground storage tanks m the WHPA9 _ yes _ no _ uncertlUn'1 Ifyes, or uncertlUn,
conduct mventory usmg Oleckhst 8-2.

Are there any areas of controlled or uncontrolled dISposal of wastes m the WHPA? _ yes _ no _ uncertlUn'1
Ifyes, or uncertlUn. conduct mventory usmg Cl!lecldlst 8-2.

Nomndustrial Sources (Checlcbst 8-3)

Are there any areas Wltllln the WHPA used for agncu1tural, hvestock or forest production? _ yes _ no _
uncertlUn Ifyes, or uncertlUn, conduct Inventory usmg the Agncu1tural section of O1eckhst 8-3

Are there any pnvate homes, apartments or condoM1nlums Within the WHPA'1 _ yes _ no _ uncertlUn Ifyes,
or uncertlUn, conduct mventory usmg the resIdential sectlon of O1eclcbst 8-3

Are there any nonagncu1tural, noruresidenbal areas Wltllm the WHPA that receIve treatment With ferttltzers or
pestlades'1 _ yes _ no _ Un(.ertlUn If yes, or uncertlUn, conduct inventory usmg the nonresIdential green
areas section of Checlcbst 8-3

Are any areas Wlthm the WHPA d....dtcate for mumapal and other pubhc servtce faallues? _ yes _ no_
uncertlUn Ifyes, or uncertlUn, conduct mventory usmg the mumapal/pubhc servtces sectlon of Oleckhst 8-3

Are any highways, roads, mrports, rlUlroads, plpehnes, or assoaated transportallon servtce and support faahtles
located Wltllm the WHPA'1 _ ye.'i _ no _ uncertlUn If yes, or uncertlUn, conduct mventory usmg the
transportatIon seebon of Checklist 8-3

Sources From CommerCial, Natural Products ProcessmglStorage, and Resource Extraction ActiVIties (01eclcbst 8-4)

Are there nomndustnal commerCial actiVIties Wltlun the WHPA? _ yes _ no _ uncertlUn Ifyes, or
uncertam, conduct Inventory usmg the commeraal section of Oleckhst 8-4

Are there any food, ammal, or wood products processtng or storage acbVltJes located Wltllm the WHPA9 _ yes
_ no _ uncertam If yes, or UlllcertlUn, conduct mventory usmg the natural products seebon of O1eckhst 8-4

Are there any areas Wlthm the WErPA affected by current or past mlmng, OIl and gas production or other resource
extractton acbVIttes'1 _ yes _ 110 _ uncertlUn Ifyes. or uncertlUn, conduct mventory usmg the resource
extractton section of O1eckhst 8-4.

Industrial Sources (Checkbst 8-S)

Are there any chemical processmg or manufactunng faClhtles Wltllm the WHPA'1 _ yes _ no _ uncertlUn If
yes, or uncertlUn, conduct mventorrf usmg the chell1lcal section of O1eckhst 8-S

Are there any metal manufactunng;, fabncatIon, or fimshmg faCIlItIes Wlthm the WHPA? _ yes _ no _
uncertam If yes, or uncertlUn, conduct mventory uSlDg the metals section of Oleck1Jst 8-S

Are there any ollier manufactunng faclhbes not included In the two preVIOUS categones Wltllm the WHPA'1 _ yes
no uncertam Ifyes, or uncertlUn, conduct mventory usmg llie last seebon of O1eckhst 8-S
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Checklist 8-2
Cross-cutting Potential Contaminant Sources
(Check all categories found within the WHPA)

WeDs and Related Features

.Actlve Abandoned

Water supply wells
Momtonng weDs
Sumps and dJY weDs for dramage
Geotechnical boreholes
Oil and gas productIon weDs
Mmeral, 011 and gas exploratIon boreholes

For each Identdied feature obtam the followmg informatton, If possible

LocatIon
Depth
Borehole CondInon (cased, uncased, sealed, leaky)
Depth to ground water
GroWld water qualIty

Storage tanks (see Worksheets 0.2.0.5, and C-6)

Above- Underground

Agncu1tural
ResIdentIal
NonresIdentIal green areas
MuniCipal and other pubhc semces
Commercial
Industnal
Resource ExtractIon

For each identified tank obtam the followmg mfonnabon, If possible

Location
SIZe
Contents
Age and conditIon

Waste Disposal SItes

ResidentIalIMumapal Wastewater Treatment

Sepnc-tank sod absorptIon systems
Cesspools
Storage, treatment, and dISposal ponds and lagoons
Municipal sewage treatment plant
MumCipal sewer hnes/.lift statIons
Wastewater Imganon/amfiaal groWld-water recharge areas
Septage/sewage sludge land spreading areas
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Checklist 8·2
Cross-cutting Potential Contaminant Sources (Continued)

Controlled Waste DlSposallHandhng Sites

MumClpal sohel waste landfill (acbve)
Recyclmg and waste reducl10n faCJhty
RCRAHazardous Waste TSD Faahty
Waste surface unpoundmentsllagoons
Waste mJectloll well
InCInerator __ mumapal waste, _ medical waste, _hazardous waste
Demohtlon/detonatlon SItes
Radloactlve waste Itorage lites
Fire trammg fmcihlies
Geothermal dL'Scharge

Uncontrolled Waste DISposal Sites

.Acadental spl11 Sites
InactIVe/abandoned hazardous waste lite (Superfund)
Other uncontrolled/clandestine waste dISposal lites, open dumps
Abandoned mme spoJls, mme tal1inp pl1e/pond
Rawoactive (ur&nlum mill talhnp, laboratory wastes)

For each Identified waste dISposal obtam the folloWU1g informatlon, If possible

Location
Amount and t}'Pe of waste
Age
Inplace or planned measures to control contammatlon
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Checklist 8-3
Nonindustrial Potential Contaminant Sources

(Mark location of each identified feature on the WHPA map)

ReSIdential (Smgle-fanu1y, apartments and condominiums) - see Worksheet Col

Common Houaehold products
WaD and Fumrture treatments
Car mamtenance
Other mechamcal replUl' and mamtenance products
Lawns and Gardens (FPN530ISW-904J27i)
Swunmm2 Pools
Home-based busmeliS (beauty shop, weJdmg, ete.-see appropnate cate&oJY m Cleckbst 8-4

AJ!iculturaJ- (FPN5~-oo.m7J)- see Worksheet Co2

_uvestoclt-

_ Anunal feedlots, stables, kennels
_ Manure spreadmg areas and storage pIts (hne/unhned)
_ Livestock waste disposal areas

Anunal bunal

ClemJca1 storage areas and contamera
Farm machmC1)' areas
Imgated cropland-
Irrigation canals
Non-JJ'ligated cropland-
Pasture-
OrchardlnullleJY-
Rangeland·
Forestland·

Other Green ArW· (EPN5301SW-90.027i)

Buildini groundJ

Educatlonal/VOc:ational institutions
Government offices
Other offices
Stores
Processut&fmanuractunng facWtles

Camp grounds
Cemeteries
CountJ)' clubs
GQlf COUJ'lles

Nuraenea
ParklandJ
Peat-mfested areas (speatY type ofland use)

MUnICIpal and Other Public Services (see also Cleckli8t 7-2, controlled waste dasposal Sltell)

EducationaJIVocationaI facI1Jties (FPN530/sw-90-0(71)
Pubhc IW1JD11Ung pools
Sewerlstormwater dramage overtlows
Storm water dlllU1ll and bllSJl1ll
Gavernment semce offices
MihtaJ)' base/depot
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Checklist 8-3
Nonindustrial Potential Contaminant Sources (Continued)

MUDlClpal and Other Pubhc SeMces (oont)

Pubhc Ubhtles

Electric power and steam generatlOll (mal storage areas. mal asbIFGD cbsposal areas)
Natural gas
Te1ephone/COllDD1UDlc&nons

Mechcal/care facihtles (EPAlS30/SW-9Q-027m)

Doc:tor/Dentlst Offices=Hosp1tal
_ Nursmg and rest homes
_ VetennllI)' Se1'VJces

TransoortatlOll - see Workshee~ C4

Anports
.AcllVe
Abandoned au fields

AutomobJlefI'ruc::k (EPAlS30/SW.90-027a & 027n)

Gasohne SeMce statlons=Truck stops (gasohne plus diesel)
_ Dealers Without lleMce departments
_ Dealers With seMce departments

Car rental faahties
Government veJncle mamtenance 'sc1Jtles
TlW cab maintenance faahues
School bus mamtenance facIhtles=Qwc::k lube shops

_ RepaIr shops
_ Muffier repaIr shops
_ Body/paInt shops
_ Underooaters/ruslt proofing

Car washes

Other pomt/areal sources

Boat yards and mannas
Road/lughway maintenance depots/road salt storage
Passenger transit faaliIbes (local and mterurban)
RaIlroad yards (EPA/530/SW-9().()27k)
TruckIng termmals (EPAlS30/SW-9().()27k)

LInear sources

Hipways and roads·
RaIlroad tracks·
0J1 and gas Plpehneso
Other mdustrIal plpelmes·
Powerhne mmdors·

• Conduct agncu1tural chenucal usage survey (Worksheet C3)
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Checklist 8-4
Potential Contaminant Sources: Commercial, Natural Products Processing/Storage, and

Resource Extraction (see Worksheet C-S)
Olmmemal

Agncu1tural c:henucaIs sates/storage (pestIcides, herblades, ferbhzcrs)
Barber and beauty shopS/salons ~AlS30/SWJJ0.027q)
Bowhoi alleys

OeanIng seMces ~AlS30/SW-9CW27b)

_ dry cleaners
_ commeraal laundry

laundromats
_ carpet and upholstery cleaners

ConsttuetiOl1 ICmcc/matenals ~A/S30/SW-9CW27J)

_plumbini
_ heabng and aJr condtbonlDg
_ paper hllllgmg/dec:orabng
_ drywall and plaatenDg
-carpentry
_ carpet tIoonng
_ roofini and sheet metal
_ wrecbni and demohbOl1
_ hardware/lumber/parts stores

Equ1pment/apphance rep8lr~Al530/SW-90.(Y},7d)
FJonsts
FuIDlturelwood manufae:tunng rep8lr and fitushme shops (EPA/53O/SW.9O.(Y},7c &. 027n)
Funeral semccs and crematories
Hcatmg Oll compllll1eB
leweltylmetal plabng shops ~A/S30/SW-9O.(Y},7n)

Leather/1eather products ~AlS30/SW·9~7r)
Lawn and iarden care scmces ~AlS30/SW-9~71)
Office bwIdmgs and office complexes
P8IDt stores ~A/S30/SW.9~7p)
Pest externunabon ICmces/pestlade apphcanon servIces ~A/530/SW.9O.(Y},71)

Pharmaaes
Photography shops, photo proeessmg laboratones
Pnnters, pubhshers and slhed mdustnes ~A/S30/SW·90'(y}'7g&. 027p)
Laboratones (research/testJng) ~AlS30/sW-9O.(Y},7m)

Scrap, salvage, and Junk yards
Sports and hobby shops
TUldemustl
Welders ~A/S30/SW-9CW27n)

FoodIAnunafa:unber Products ProcesSInC and Storage

Canned and preserved fruits and vegetables
Canned and preserved seafood proeessmg
Soft dnnlt bottlers
Grain nuIIs L gr8ID storagetprocessmg, _ animal feed, breakfast cereal, and wheat)
SUgar processme L beet sugar, _ CllIIe sugar refinmg)
D8IJY products proeessmg (creamenes and d8lnes)
Leather products~A/530/SW.90-027r)
Meat products and rendenng (slau&hterhouses)
Poultry and eW processmg
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Checklist 8·4
Potential Contaminant Sources: Commercial, Natural Products Processing/Storage, and

Reso~rce Elttraetion (Continued)

FoodlAnunaJlfunber Products ProoesslDg and Storage (coot.)

Tunber products processmg
Pulp, paper and paperboard ~AlS30/SW-90-027o)

_ BuRlders' paper and board 1DlUs
_ Unbleached kraft and selDlchemical pulp
_ Pulp, paper and paperboard
_ Pal,er coatmg and glazmg

Wood pre8emng faCJbbes (EPAlS3OISW-90..Q27f)

Resource Extracb(!!!.

Abandoned explorabon/productlon wells
Constmctlon matenals (sand, gravel)
Coal mmmg <- actIVe, _ IDactlve)
Uranium mming <-- act1ve, _ lDactlve)
Metals mining <- actIVe, _ lDactlve)
Phosphate numng <- actJve, _ lDactlve)
Natural gas producbon
Petroleum producbonlseoondaty recovery operations
Synthet.lc fuels (coal gasdicatlon, od shale)
Waste talhngs _ heap leachJDg, _ non-heap leachlDg
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Checklist 8-5
Potential Contaminant Sources (See Worksheets C-5 and C-6)

O1enucaJ ProceMII1g!Manufacturing

O1emica1 manuf'actureII
_ Explos.wes (FPA/530/SW-9fHJ27h)
_ Inorganic chemical manufactunng (FPA/5301SW-90~7h)

_ Fertlhzer manufactunng L bastc fertilizer chenucals, _ formulated fertIlizer)
(EPA/53OISWJ)O.(Y}.7p)

_ 0lianlc chemical manufactunng and plastles and synthetic fibers (FPA/S30/SW-9Q..027h)
_PlUlt manufactunng (FPA/5301SW-9fHJ27p)
_PestIade formulation (FPA/530/SW-9fHJ27h k 027p)
_ Petroleum refinlnglltorage
_Pharmaceutical manufactunng (FPN530/SW-90~7p)

_Phosphate manufactunng L ph05phorus-denved chenucal, _ other non-fertIlizer chenucals
_ Porcelam enamehng
_ Rubber processmg L me and synthetic, _ fabncated and reclauned rubber)

(FPN530/SWJ)O.(Y}.7h)
_ Soaps and DeteIientl (FPN53O/SW-90~7q)

Metals ManufactunnglFabncatlonlFmlshmg

Alununum Manufacturlna: and fornung
_ Alununum fornung
_ BaUXIte refinmg
_ Pnmary aluminum smelting
_ Secondary alummum smeltIng

_ Cod coatlna:
_ Copper forming

ElectroplatIng (FPN5301SW-9Q..027n)
_ Copper, meleel, chrome and ZInC

_ Electroplatlna: pretreatment

Metal manufactunng and fabrication (FPN530/SW-9fHJ27n)
_ Ferroalloy (smelt and slag processmg)
_ Iron and steel manufactunng
_ Metal moldmg and castIng (foundnes)

_Metalfimslung (EPN5301SW-9fHJ27n)
_Maclune and metalworlang shops (FPA/S30ISW-90-027n)
_ Nonferroul metals fornung

Other Manufactunng

_ .Asbestos manufactunng
_Asphalt/tar plants
_Battery manufactunng (EPN530/SW-90-027n)
_ Cement manufactunng
_Electnclelectromclcommumcatlons equipment manufacturers (EPNS30/SW-9fHJ27n)
_Furniture and fixtures manufacturers (EPN530/SW-9fHJ27c)

_ Glass manufactunng
_ Pressed and blown glass
_ Insulation fiberglass
_Flat glass

_Stone, and clay manufacturers
_ TexbJe manufactunng (EPA/530/SW-9O-<JZ7e)
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Table 8-4 Contaminants Associated With Speclf~c Contamlll1ant Sources

Source/Checklist No Contaminants123 Information Sources

Airports, abandoned airfields
(8-3)

Aluminum forming (8-5)

Asbestos manufactunng (8-5)

Asphalt plants (8-5)

Automobllerrruck service (8-3)

Battery manufactunng (8-5)

Barber and beauty shops (8-4)

Boat yards and mannas (8-3)

Bowling alleys

Camp grounds (8-3)

Canned and preserved frUits
and vegetables (8-4)

Canned and preserved
seafood processing (8-4)

Cement manufactunng (8-5)

Cemeteries

Chemical
process/Manufacturing (8-5)

Chemical storage areas and
containers (8-3)

Clandestine dumping areas

Cleaning servlces-dry
cleaners, commercial laundry,
laundromats (8-4)

Coli coating (8-5)

Construction service/matenals
(8-4)

Copper forming (8-5)

Country clubs/golf courses
(8-3)

Cropland-Irrigated and
nOnlmgated (8-2)

Dry cleaning (see cleaning
services)

Dairy products processing
(8-4)

Educational Instltutlons (8-3)

Jet fuels, deicers (urea), battelles, diesel fuel, chlonnated
solvents, automotive wastes,7 heating 011, budding wastes13

Asbestos

Petroleum denvatlves

Auto re?atr Waste ods, solvents, aCids, paints, automotIVe
wastes, mlscellanl~ous cutting ods, Dealers AutomotIVe
wastes,7 waste Oils., solvents, miscellaneous wastes, Car
washes Soaps, detergents, waxes, miscellaneous chemicals,
Gasolme service stations Gasoline, oils, solvents,
miscellaneous wastes

Perm solutions, dyes, miscellaneous chemicals contained In
hair nnses

Diesel fuels, battenes, 011, septage from boat waste disposal
areas, wood preservative and treatment chemicals, paints,
waxes, varnishes, automotIVe wastes7

Epoxy, urethane-based floor finish

Septage, gasoline, diesel fuel from boats, pestICides for
controlling mosquitoes, ants, ticks, gypsy moths, and other
pests,S,9 household hazardous wastes from recreational
vehicles (RVs)s

Leachate (formaldehyde), lawn and garden mamtenance
chemicalsio \

See entnes for IndIVidual categones in Checklist 8-5

PesticideS and fertillzer6 reSidues

Potentially almost anything

Dry cleaners Solvents (perchloroethylene, petroleum
solvents, Freon), spotting chemicals (tnchloroethane,
methylchloroform, ammOnia, perOXides, hydrochlonc aCid, rust
removers, amyl acetate), Laundromats Detergents, bleaches,
fabnc dyes

Solvents, asbestos., paints, glues and other adheSives, waste
Insulation, lacquer'>, tars, sealants, epoxy waste,
miscellaneous chemical wastes

Fertlllzers,6 herbicides,s 10 pestiCides for controlling
mosquitoes, ticks, ants, gYRsy moths, and otherpests,9
sWimming pool chl3mlCals, 1 automotive wastes

Pesticides,S fertlllzers,6 gasoline and motor oils from chemical
applicators
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Tabkt 8-4. ContamInants Associated With Speclflc Contaminant Sources (Continued)

Source/Checklist No Contamlnants1,203 Information Sources

ElectrlclolectronJcl
communications equipment
manufacturers (8-5)

Electroplating and metal
finishing (8-5)

EqulpmenVappHance repair
(8-4)

Farm machInery areas

(8-3)

Forroalloy (8-5)

Fertilizer manufacturing (8-5)

F1bergl8$S-relnforced and
composite plastics

Food processing (8-4)

Funeral services and
crematories (8-.4)

Fumlture and fixtures
manufacturers (8-4)

Fumlturelwood manufacturing,
repair, and finishing shops
(8-4)

Glass manufacturing (8-5)

Grain mIls (8-4)

Hazardous materials TSDs
(8-2)

Hospltals--see medical
institutions

Industrlallagoons and pits

Inorganic chemical
manufacturing (8-5)

Iron and steel
manufacturlng-blast
furnaces, steel works, roiling
mtls (8-5)

Jewelry/metal plating shops
(8-4)

Junkyards-see scrap and
salvage yards

Landfills (8-2)

Lawns and gardens (8-3)

CommunlcatJons equipment Nitric, hydrochloric, and sulfuric
acid wastes, heavy metal slUdges, copper-eontamlnatecl
etchant (e g, ammonium persulfate), cutting oli and
degreaslng solvent (trichloroethane, Freon, or
trichloroethylene), waste oils, corrosIVe soldering flux, paint
slUdge, waste plating solution, Electric/electronic Cyanides,
metal sludges, caustics (chromic acid), solvents, oils, alkalis,
acids, paints and paint sludges, calcium f1uonde sludges,
methylene chloride, perchloroethylene, trichloroethane,
acetone, methanol, toluene, PCBs

Boric, hydrochloric, hydrofluoric, and sulfuric aCids, sodium
and potassium hydroxide, chromic acid, sodium and
hydrogen cyanide, metallic salts, spent solvents

Solvents, lubricants, solder Oead, tin), pamt thinner

Automotive wastes? welding wastes

Chlorine, ammonia, ethylene glycol, nlcke~ formaldehyde,
bromomethane, pesticides and herbicides 0

10

Formaldehyde, wetting agents, fumigants, solvents

Paints, solvents, degreaslng sludges, solvent recovery slUdges

Paints, solvents (methylene chlonde, toluene), degreaslng
and solvent recovery sludges

Solvents, oils and grease, alkaliS, acetic wastes, asbestos,
heavy metal sludges, phenolIC solids or sludges,
metal-finIshing sludge

Potentially any regUlated hazardous waste

See Industry-specific waste listings

Heavy metal wastewater treatment sludge, pickling liquor,
waste oil, ammonia scrubber liquor, acid tar sludge, alkaline
cleaners, degreaslng solvents, slag, metal dust

Sodium and hydrogen cyanide, metallic salts, alkaline
solutions (KOH, NaOH), aCids (chromIC, hydrochlorIC,
hydrofluoric, nitric, phosphoric, sulfuric), spent solvents,
heavy-metal contaminated wastewater/sludge

Leachate (composition depends on type of waste disposed)

Ferbl/zers,5 herbiCides and other pesticides used for lawn and
garden maintenance10
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Table 8-4 Contaminants Associated With Specific Contammant Sources (Continued)

Source/Checklist No Contaminants1,2 3 InformatIon Sources

Leather tanning (8-4)

livestock (8-3)

Machine and metalworking
shops (8-5)

Meat prodUCts and rendenng
(8-4)

Medical Institutions/services
(8-3)

Metal fabncation (8-5)

Metal finishing (8-5)

Metal molding and
castlng/foundnes (8-5)

Metals mining (8-4)

Nonferrous metals forming
(8-5)

Nonferrous metal
manufactunng (8-5)

Organic chemical
manufactunng, plastics, and
synthetic fibers (8-5)

Paint manufactunng (8-4)

Pesticide application services
(8-4)

Pesticide formulators (8-5)

Petroleum refining (8-5)

Pharmaceutical Industry (8-5)

Phosphate manufactunng (8-5)

Photography shops, photo
processing laboratones (8-4)

Porcelain enameling (8-5)

Pnnters, publishers, and allied
Industnes (8-4)

Pulp, paper, and paperboard
(8-4)

Railroad tracks and yards (8-3)

Research laboratones (8-4)

Road deiCing/maintenance
(8-3)

Rubber processing (8-5)

LIVestock sewage wastes, nitrates, phosphates, chlonde,
chemical sprays .md dips for controlling Insect, bactenal,
Viral, and fungal pests on livestock, collform4 and noncollform
bactena, viruses

Solvents, metals, miscellaneous organics, sludges, Oily metal
shaVings, lubncant and cutting oils, degreasers (TeE), metal
marking flUids, mold-release agents

X-ray developers and fixers,17 Infectious wastes, radiologIcal
wastes, biological wastes, dISinfectants, asbestos, beryllium,
dental aCids, formaldehyde, miscellaneous chemIcals

Paint wastes, aCids, heavy metals, metal sludges, plating
wastes, oils, solvents, explosive wastes

Paint wastes, aCIds, heavy metals, metal sludges, plating
wastes, Oils, solvents, explOSive wastes

Cyanide, sulfides, metals, aCid drainage

Solvents, Oils, miscellaneous organics and Inorganlcs
(phenols, resins), paint wastes, cyamdes, aCids, alkalis,
wastewater treatment sludges, cellulose esters, surfactant,
glycols, phenols, formaldehyde, peroxides, etc

Dotson (1991), BMPs US EPA (1991-1993)

Pesticides, herblc,ldes510

Cyanides, blosludges, Silver sludges, miscellaneous sludges

Solvents, Inks, dyes, oils, miscellaneous organics,
photographiC chemicals

Metals, aCids, minerals, sulfides, other hazardous and
nonhazardous chemlcals16, organic slUdges, sodIum
hydroxide, chlorme, hypochlonte, chlonne diOXide, hydrogen
peroxide

X-ray developers and fJxers,17 Infectious wastes, radiological
wastes, biologIcal wastes, diSinfectants, asbestos, beryllium,
solvents, infectiOUs matenals, drugs, dISinfectants
(quaternary ammoma, hexachlorophene, perOXides,
chlornexade, bleach), miscellaneous chemicals

Sodium chlonde, calCium chlonde, waste 011
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Table 8-5
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Table 8-4. Contaminants Associated WIth Specific Contaminant Sources (Continued)

Souroe/Checkll.t No. Contamlnants1,2.3 Information Sources

Sand and gravel mining (8-4)

SCrap, salvage, and Junkyards
(8-4)

SepUo systems, cesspools,
and sewer lines (8-3)

Diesel fuel, motor oil, hydraulic flUids

Used oil, gasoline, antifreeze, PCB contaminated oils, lead
acid batterIes

Septage, coliform and noncollform bactena,4 viruses, nItrates,
heavy metals, synthetic detergents, cooking and motor ods,
bleach, pesbcldes,910 pamts, paint thinner, photographic
chemicals, swimmlnp pool chemlcals,ll septic tank/cesspool
cleaner chemlcals,l elevated levels of chlonde, sulfate, _
calcium, magnesium, potaSSium, and phosphate

BMPs Noake (1988)

US EPA (1991a), BMPs NJDEPE
(1992), Noake (1988)

Table 8-5

Table 8-5, US EPA (1988b)

Table 8-5

BMPs Noake (1988)

Table 8-5

BMPs NJDEPE (1992), Noaka (1992)

BMPs Inglese (1992)

Treated wood residue (copper qulnolate, mercury, sodium
bazlde), tanner gas, paint sludges, solvents, creosote,
coating and gluing wastes

Gasoline, diesel fuel, other liquId petroleum products

Solvents, oils and grease, alkahs, acetic wastes, asbestos,
heavy metal sludges, phenolIC sohds or sludges,
metal-finishing sludge

Swimming pool maintenance chemlcals11

Sodium chlonde, pathogens, petroleum products, soluble
pesticides

Solvents, InfectIous materials, vaccInes, drugs, disinfectants
(quaternary ammonia, hexachlorophene, peroxides"
chlomexade, bleach), x-ray developers and flxers1 ,
formaldehyde, pesticides

Oxygen, acetylene, solvents and oilsWelders (8-4) US EPA (1990a), BMPs Inglese
(1992)

Wood preserving facilities (8-4) Wood preservatives (pentachlorophenol, chromated copper US EPA (1988b,1990a, 1991a),
arsenate, ammoniacal copper arsenate), creosote BMPs Noake (1988)

Soaps and detergents (8-5)

Stormwatar drains and basins
(8-3)

Sugar processing (8-4)

Stone and clay
manufacturers (8-5)

Swimming pools (8-3)

Textile mills manufacturIng
(8-S)

TImber products
prooossing-sawmlils and
planers (8-4)

Underground storage tanks
(8-2)

Veterinary services (8-3)

roorcs Adapted from U S EPA (1992)
In gonersl, ground water contamInation stems from the misuse and Improper disposal of liquid and solid wastes, the Illegal dumping or
abandonment of household, commercial, or industrial chemicals, the aCCidental splllmg of chemicals from trucks, railways, aircraft, handling
faclUtles, and storage tanks, or the Improper siting, design, construction, operation, or maintenance of agriCUltural, residential, municipal,
commercial, and industrial drinking water wells and hquld and sohd waste disposal faCIlities Contaminants also can stem from atmospheric
pclfutants, such as airborne sulfur and mtrogen compounds, which are created by smoke, flue dust, aerosols, and automobile emissIons,
fall as acid rain, and peroolate through the soli When the sources hsted In this table are used and managed properly, ground-water
contamination Is not likely to occur

2Contaminants can reach ground water from activities occurring on the land surface, such as Industrial waste storage, from sources below
tho land surface but above the water table, such as septte systems, from structures beneath the water table, such as wells, or from
contamlnated recharge water

3 Thls table lists tho most common wastes, but not all potential wastes For example, It IS not poSSible to list all potential contaminants
contalned In storm water runoff or research laboratory wastes

4Coliform bacterIa can Indicate the presence of pathogenic (dlsease-causlng) mICroorganisms that may be transmitted In human feces
DIseases such as typhoid fever, hepatitis, diarrhea, and dysentery can result from sewage contamination of water suppiles

S Postlcfdes Include herbicides, Insecticides, rodentteldes, fungICides, and aVlcldes EPA has registered approXimately 50,000 dIfferent pesticide
products for use In the United States Many are highly toxIC and qUite mobile In the subsurface An EPA survey found that the most common
pesticIdes found In drinking water wells were DCPA (dacthal) and atrazlne (EPA, 1990b), which EPA classIfies as moderately toxic (class 3)
and sJ/ghUy toxJc (class 4) materials, respectIvely

~The EPA Nallonal Pesticides Survey (EPA, 1991) found that the use of ferttllzers correlates to mtrate contamination of ground water supplies
Automotive wastes can Include gasoline, antifreeze, automatic transmiSSion fluid, battery acid, engme and radiator flushes, engme and metal
dcgroasers, hydraulic (brake) fluid, and motor oils

: Toxlo or hazardous components of common household products are noted In Table 3-2
Common household pesticides for controlllng pests such as ants, termItes, bees, wasps, fhes, cockroaches, silverfish, mites, ticks, fleas,
worms, rats, and mice can contain acllve Ingredients Including napthalene, phosphorus, xylene, chloroform, heavy metals, chlorinated

10hydrocarbons, arsenic, strychnine, kerosene, nltrosamlnes, and diOXin
Common peslicldes used for lawn and garden maintenance (I e , weed killers, and mite, grub, and aphid controls) Include such chemicals

as 2,4·D, chlorpyrlfos, dlazinon, benomyl, captan, dlCOfol, and methoxychlor
11 Swimming pool chemicals can contain free and combmed chlorine, bromine, Iodine, mercury-based, copper-based, and quaternary alglcldes,

cyanuric acid, calcium or sodium hypochlorite, munatic aCid, sodium carbonate
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Table 8-4 Contaminants Associated With Specific Contaminant Sources (Continued)

12 Septic tank/cesspool cleaners include synthetic orqanlc chemicals such as 1,1,1 trichloroethane, tetrachloroethylene, carbon tetrachloride,
and methylene chlOride

13 Common wastes from public and commercial buildings Include automotIVe wastes, rock salt, and residues from cleaning product$ that may
contain chemicals such as xylenols, glycol esters, hopropanol, 1,1,1-trlchloroethane, sulfonates, chlorinated phenolys, and cres9ls

14 MUnicipal wastewater treatment sludge can contain organic matter, nitrates, Inorganic salts, heavy metals, cohform and noncollform bacteria,
and viruses

15 Municipal wastewater treatment chemICals include calcium OXide, alum, activated alum, carbon, and silica, polymers, Ion exchange resins,
sodium hydroxide, chlOrine, ozone, and corrosion Inhibitors

1Brhe Resource Conservation and Recovery Act (RCRA) defines a hazardous waste as a sohd waste that may cause an Increase m mortahty
or serious Illness or pose a substantial threat to human health and the environment when Improperly treated, stored, transported, disposed
of, or otherwise managed A waste IS hazardous If It exhibits characteristics of Ignltabllrty, corroslVlty, reactivity, and/or tOXICity Not covered
by RCRA regulations are domestIC sewage, Irrtgatlon waters or Industrial discharges allowed by the Clean Water Act, certain nuclear and
mining wastes, household wastes, agricultural wast(~s (excludmg some pestiCides), and small quantity hazardous wastes (I e , less than 220

f,0unds per month) generated by busmesses
1 X-ray developers and fixers may contam reclaimable Silver, glutaldehyde, hydroqulnone, phenedone, potassium bromide, sodium sulfite,

sodium carbonate, thlosulfates, and potassium alum

Table 8-5 Index to Development Documents for Effluent Limitations Guidelines for Selected categorlesB (U S EPA,19S7b)

Industrial Point Source EPA Publication NTiS Accession GPO Stock
category Subcategory Document No No No

Aluminum forming Aluminum forming EPA 440/1-841073 PB84-244425
Vol I PB84-244433
Vol II

Asbestos manufacturing Building, construction, and EPA 440/1-741017a PB23832016 5501-00827
paper
Textile, friction malerlals, and EPA 440/1-741035a PB24086017
sealing devices

Battery manufactUring Battery manufacturing EPA 440/1·841067 PB85-121507
Vol I PB85-121515
Vol II

Bullder's paper and board Pulp, paper and paperboard, EPA 440/1·821025 PB83·163949
mills and builder's paper and

board mills

Canned and preserved Apple, citrus, and potato EPA 440/1·741027a PB238649/8 5501-00790
frUits and vegetables processing

Canned and preserved Catfish, crab, and shrimp EPA 440/1·741020a PB23861412 5501·00920
seafood processing

Flshmeal, salmon, bottom EPA 44011-751041 a PB256840/0
fish, sardmge, herring, clam,
oyster, scallop, and abalone

Cement manufactUring Cement manufactUring EPA 44OI1-741005a PB23861 0/0 5501-00866

Coli coating Coli coating, Phase I EPA 440/1-821071 PB83-205542
Coli coating, Phase II - EPA 440/1-831071 PB84-198647
can-making

Copper forming Copper EPA 440/1-841074 PB84-192459

Dairy products processing Dairy products processing EPA 44011·741021 a PB23883513 5501-00898

Electroplatmg and metal Copper, nickel, chlome, and EPA 440/1-741003a PB2388341AS 5501-00816
finishing zinc

Electroplatmg - pretreatment EPA 440/1-79/003 PB80-196488

Metal finishing EPA 440/1-831091 PB84-115989

Ferroalloy Smelting and slag processing EPA 44011-741008a PB238650/AS 5501-00780

FertilIzer manufactunng BaSIC fertilizer chemicals EPA 440/1·741011a PB2386521AS 5501·00868
Formulatetl fertlhzpr EPA 440/1-751042a PB240863/AS 5501-01006

Glass manufactunng Pressed and blown glass EPA 440/1-751034a PB25685411 5501-01036
Insulation fiberglass EPA 440/1-741001b PB238078!0 5501-00781
Flat glass EPA 440/1·77/oo1c PB238-907/0 5501-00814

Grain mills Grain processing EPA 440/1-741039a PB23831614 5501-00844
Animal feed, breakfast EPA 440/1·741028a PB240861/5 5501-01007
cereal, and wheat
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Tablo 8-5. Index to Development Documents for Effluent Umltatlons Guidelines for Selected CategoriesB (Continued)

Jncfultrlal Point Source EPA Publication NTIS Accession GPO Stock
Category Subcategory Document No No No

inorganic chemicals Inorganic chemicals Phase I EPA 44011-821007 PB82-265612
manufacturing

Inorganic chemicals Phase II EPA 440/1-841007 PB85-156446/XAB

Iron and steel Iron and steel EPA 440/1-821024
manufacturing Volume I EPA 440/1-821024 PB82-240425a

Volume II EPA 44011-821024 PB82-240433b
Volume III EPA 440/1-821024 PB82-240441c
Volume IV EPA 440/1-821024 PB82-240458d
Volume V EPA 440/1-821024 PB82-240466e
Volume VI EPA 440/1-821024 PB82-240474f

leather tanning Leather tanning EPA 440/1-821016 PB83-172593

~at products and Red meat processing EPA 440/1-741012a PB238836/AS 5501-00843
rendering

Renderer EPA 440/1-741031 d PB25357212

~tal finishing Metal finishing EPA 440/1-83/091 PB84-115989

~tal molding and casting Metal molding and casting EPA 440/1-85/070 PB86-1614521XAB
(foundries)

Nonferrous metals forming Nonferrous metals forming EPA 440/1-841019b
Vol I PB83/228296
Vol II PB83/228304
Vol III PB83/228312

Nonferrous metals Bauxite refining - aluminum EPA 440/1-7410190 PB238463/4 5501-00116
manufactudng segment

Primary aluminum smelting - EPA 440/1-741019d PB240859/9 5501-00817
aluminum segment
Secondary aluminum EPA 440/1-74101ge PB23846412 5501-00819
smelting - aluminum segment

Organic chemlcal Organic chemicals EPA 440/1-87/009 Available from
manufacturing and manufacturing and plastics NTIS after
plastics and synthetic and synthetic fibers publication (1/87)
fibers

Petroleum refinIng Petroleum refining EPA 440/1-821014 PB83-172569

Pharmaceuticals Pharmaceutical EPA 440/1-83/084 PB84-180066

Phosphate manufacturing Phosphorus-denved EPA 440/1-741006a PB241 018/1 5503-00078
chemicals
Other non-fertilizer chemicals EPA 440/1-75/043

Porcelaln enameling Porcelain enameling EPA 44011-821072

Pulp, paper, and Unbleached kraft and EPA 440/1-741025a PB238833/AS
paperboard seml-ehemlcal pulp

Pulp, paper and paperboard, EPA 440/1-821025 PB83-163949
and builder's paper and
board mills

Rubber processing Tire and synthetic EPA 440/1-741013a PB238609/2 5501-00885
Fabricated and reclaimed EPA 440/1-741030a PB241916/6 5501-01016
rubber

soaps and detergents Soaps and detergents EPA 440/1-741018a PB238613/4 5501-00867

Sugar processing Beet sugar EPA 44011-741002b PB23846216 5501-00117

Cane sugar refining EPA 440/1-741002c PB238147/3 5501-00826

Textile mills manufacturing Textile mills EPA 440/1-821022 PB83-116871

limber products Wood furniture and fixtures EPA 440/1-741033a
processing

Timber products processing EPA 440/1-81/023 PB81-227282

-This list Includes only "final" development documents for effluent limitations gUidelines For many Industries, these documents are In the draft
or proposal stage
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Table 8-6 Index to Major References on lYpes and Sources of Contamination in Ground Water

Topic References

Genera! Canter et al (1987), Cole (1972-Europe), Guswa et al (1984), Haimes and Snyder (1986), Meyer (1973), Miller
(1980,1985), Pettyjohn (19172), US Public Health Service (1961), van DUlJvenbooden and van Waegenlngen
(1987), van DUIJvenbooden et a! (1981), Ward et al (1985), BlbllographlesILlterature ReViews Atlantic Research
Corporation (1980), Bader (1973), Congressional Research Service (1984), Geyer (1972), Llndorff and Cartwright
(19n), Rima et a! (1971), Summers and Spiegel (1974), Todd and McNulty (1974), US EPA (1972), van dar
Leaden (1991), Zanoni (1971)

Baseline Chemistry Durfor and Becker (1964), SOil Connor and Shacklette (1975), Ebens and Shacklette (1982), Shacklette et a!
(1971a,b, 1973, 1974), Ground/Surface Water Clarke (1924), Durum and Haffty (1961), Durum et al (1971),
Ebens and Shacklette (1982), Feth (1981), Fishman and Hem (1976), Hem (1972), Kopp and Kroner (1968),
Ledin et al (1989), Leenheer et al (1974), Skougstad and Horr (1963), Thurman (1985), White et a! (1963,
1970)

Types of Contaminants Page (1981), Palmer et al (1988), Pettyjohn and Hounslow (1983), Zoeteman (1985), National Water QUality
Assessments FranCIS et a! 1981), US EPA (1985a), Westrick et al (1984)

Contaminant See Table 1-2
Chemical Behavior

GW Contamination US Ballentine et al (197~~), Lehr (1982), Patrick et al (1987), pye and Kelley (1984), U S EPA (1984),
Assessments Regional Assessment Fuhrtman and Barton (1971-AZ, CA, NV, Un, Miller and Scalf (1974), MJller et al

(1974-northeast), Miller et al (19n-southeast), Scalf et al (1973-southcentral), van der Leeden et al
(1975-northwest), Source Assessments US EPA (19n-waste disposal), US EPA (1978, 1983-surface
Impoundments), US EPA (1985b-lnJection of hazardous waste), US EPA (1986a, 1986b-underground storage
tanks), U S EPA (1986d, 199oc-pestlcldes)

Cape Cod AqUifer Management Project (1988), LaSpina and PalmqUIst (1992), Meyer (1973), Miller (1982),
Noake (1988), Shlneldecker (1992), US EPA (1977, 1987a, 1988a, 1990b, 1991b), US Fish and Wildlife
Service (1986), US OTA (1984), State WHPA Contammant Inventory GUidance Nebraska Department of
EnVironmental Quality (1992), New Hampshire Office of State Planning (1991), North Dakota State Department
of Health (1993), OhiO EnVironmental Protection Agency (1991), Oregon Department of EnVIronmental Quality
(1992), RIDEM (1992), Washington State Department of Health (1993)

Dotson (1991), US EPA (1987b, 1988b, 1990a, 1991a, 1992), Ward et al (1990)

Ashton and Underwood (1975), Delfino (19n), D'ltri and Wolfson (1987), Nielsen and Lee (1987), Novotny and
Chesters (1981), Overcash and DaVidson (1980), US EPA (1984, 1991b)

Bloom and Degler (1969), i=alrchdd (1987), Hallberg (1986) irvine and Knights (1974), JenkinS (1979), US EPA
(19860)

Aller (1984), Frischknecht at a! (1983), Gass et al (19n), Texas Water CommiSSion (1989b)

Slika and Swearingen (1978), US EPA (1978, 1983)

Geyer (1972), Zanoni (1971)

Guswa et al (1984)

Rima et al (1971), US EPA (1985b, 1990)

US EPA (1986a, 1986b)

California Assembly Office of Research (1985), Canter and Knox (1984, 1985), Cartwright and Sherman (1974),
Noss (1989), Scalf et al (1977, Thomson (1984)

Energy Production/Use Bouldlng (1992), Dotson (1991), US Army Engineers Waterways Experiment Station (1979), US EPA (1988c)

* See also references for estimating releases of hazardous chemicals In Table A-5

Septic Systems

ACCidental Spills

Waste Injection Wells

USTs

Abandoned Wells

Agricultural Chemicals

CommerclaVlndustrlal*

RuraVNon POint

Contammatlon Sources

General

Surface
Impoundments

landfills

tlons where hazardous chemicals are stored and
used Table A-5 Identifies references that prOVide
more Information on collection and anal~,sls of infor
mation collected pursuant to EPCRA

Users of thiS manual should be aware that many state
wellhead protection programs have developed their own
checklists, worksheets, and Inventory forms for Identify
Ing potential contaminant sources The matenals In thiS
chapter represent a syntheSIS based on a review of
matenals developed by state programs as of late 1993

Any of these state matenals, as well as any sub
sequently developed, can be used as an alternative to
or In combination With the matenals In thiS chapter ThiS
IS a complex tOPiC In which Improvements are always
poSSible The best approach IS probably to compare the
latest matenals available for the state's wellhead protec
tion program With the matenalln thiS chapter and select
the matenals that seem most appropnate for the WHPA
of Interest Alternatively, matenals should be modified If
compansons show that no Single checklist, worksheet,

173



or Inventory form addresses all the information needs
fQrthe WHPA

A few words about natural contammatlon sources The
checkllsts in this chapter do not address contamination
sources that result from natural processes In some
areas. particularly In and and semi-and areas of the
western Umted States. ground water IS of marginal qual
ity. or exceeds dnnklng water standards for elements
such as arsenic. chlonde. fluonde, heavy metals, and
radionuclldes. little can be done to prevent such con
tamination, so the optJons are essentially limited to find
ing an alternative, higher quality source of dnnklng
water, or treatment to remove contaminants Human
activity may cause degradation of ground water from
natural sources Examples Include mobilization of heavy
metals and radlonuclldes by mining actIvities and salt
water intrusIOn Into fresh-water aqUifers by pumping
Such activities are Included In the checklists In this
chapter.

8.3.1 Cross-Cutting Sources: Wel1s~ Storage
Tanks and Waste Disposal

Checklist 8-2 Identifies three major sources of potential
contamination. (1) wells and related features, (2) stor
age tanks, and (3) waste disposal sites These are
called cross-cutting sources because they may be as
sociated With any of the actiVities Identified In the de
tailed checklists for nomndustnal, commercial, and
Industrial sources The high nsk of ground water con
taminatIon from storage tanks, espeCially underground
storage tanks, and waste disposal sites IS another rea
son for placing them in a separate checklist

8.3.2 Nonindustrial Sources

Checklist 8-3 Identifies five major categones of potential
contamination sources that can be broadly claSSified as
nonindustrial' (1) agricultural, (2) reSidential, (3) other
green areas, (4) municipal and other public services,
and (5) transportation The category of "other green
areas" Includes any nonagncultural and nonreSidential
area where grass and other vegetation may receive
regular applications of agricultural chemicals In the resI
dential category. each Individuals In each reSidence or
living unit should be interviewed, If pOSSible, and a
household hazardous waste Inventory prepared Such
Interviews should Increase awareness by indiVIduals
and families living Within a WHPA of ground water con
cerns. and should lay the groundwork for any future
public education efforts

8.3.3 Commercial and Industrial Sources

Checklists 8-4 and 8-5 identify more than 90 commercial
and industrial actiVIties that present potential for ground
water contamination Commercial actiVities are gener
ally servlce- and saleS-Oriented, while industrial actlvl-
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ties Involve primarily processing and manufactUring In
practice, the diViding line IS not always clear, so both
checklists should be examined If the claSSification of an
Identified source IS uncertain CommerCial actIVIties as
sOCiated WIth transportation are Included In Checklist
8-3

Checklist 8-4 IdentifIes three major categories of actIVI
ties (1) commerCial services and sales, (2) actiVities
related to processing and storage of natural products
(food, other ammal products, and wood), and (3) re
source extractIon actIVIties Checklist 8-5 Identifies three
major categories of industrial actiVities (1) chemical
processing and manufactUring, (2) metal manufactUring,
fabrication, and finIshing, and (3) other manufactUring

A WIde array of potential contaminants are assOCiated
With commerCial and industrial actiVities U S EPA has
developed a series of information sheets, available from
the RCRA Hotline, on 17 bUSiness activities that may
generate hazardous wastes (U S EPA, 1990a) Check
lists 8-4 and 8-5 indicate actiVities covered by these
summary sheets With the EPA document order number
Tables 8-4 and 8-5 Identify reference sources where
more detailed information can be obtained on industrial
processes and potential contaminants

8.4 Evaluating the Risk From Potential
Contaminants

Methods for evaluating the risk posed by potential con
taminant sources Within a WHPA can range from a
relatively Simple process-elasslfylng sources as high,
moderate, and low risk-to a comprehenSive nsk as
sessment process In which fate and transport of chemi
cals of concerns are modeled to quantify exposure and
risk to people or ecosystems ThiS section focuses on
relatively Simple ranking methods for evaluating risk
(Section 8 4 1) and bnefly discusses Situations In which
more complex methods may be reqUired

8.4.1 Risk Ranking Methods

ClaSSifying potential contaminant sources Into risk cate
gOries (high, medium, low) IS the Simplest way to Identify
the sources Within a WHPA lhat pose a threat to ground
water quality Figure 8-3 Illustrates a matrix developed
by the Cape Cod AqUifer Management Project to evalu
ate pollution potential from 32 land use categories The
top of the matrix contains ratings for 16 groups of chemi
cals according to (1) overall threat to public health, (2)
mobility, (3) and whether they may occur naturally In
slgmflcant concentrations The overall threat to public
water supply for each land use category In Figure 8-3 IS

rated as low (L) to high (H) In the right hand column,
based on the number of potentIal contaminants assocI
ated WIth the category and the potential threat posed by
each contaminant
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Figure 8-3 Land use/public-supply well pollution potential matrix (Noake, 1988)
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Key to FIgure 8-3

•
D

The contamlnant(s) released from thiS land-use category may render groundwater at a publlc-supplV well undrinkable In

accordance with federal and state maximum contaminant levels

this land use category IS not generally associated With the release of the particular contaminant In quantities that would
render the groundwater at a public-supply well undrinkable However. the contaminant may be aSSOCiated with a particular
activity

[;] ". LowThreat 0 =Medium Threat 0 =High Threat

this Matrix is based on a literature review and the combmed field experience of the Cape Cod AqUIfer Management Project (CCAMPI
THIS MATRIX SHOULD BE USED AS A GUIDE AND HANDY REFERENCE It IS nota substitute for looking at a particular land use
In detail Therewlll always be the potential for a busmess to use an unusual process uSing chemicals not normally associated With that
business The land-use categOries Included in the Matrix and GUide to Contammatlon Sources for Wellhead Protection are those that
might be found In the primary recharge area of a public-supply well In Massachusetts ThiS Matrix may be mlsleadmg or erroneous If
apphed to low-Yield private wells

1 N,trll. MS I C1lmuilliVllmpacton groundwaterquahty No one category,s responsible for the release of n,trate Avartety of land use categonas release mtrate These
lncludo Inlmal fHdlots.llndfllls septiC systems septagtl legoons municipal wastewater end egrlcultural actlVlt,es Including turf maintenance

2. Thilr. I" no known lnltlncal of beeuty parlors contamlnat,ng well water In Massachusetts Mor. research ,s needed to determ,ne the seventy of a throat 10
groundwalorfrom thll ,.nd usa category

3 Rtrer to GUKk to Contamination Sources for WeI/hatH! Pro/ectlon pp 1 2

Figure 8-3. Land Use/pUblic-supply well pollution potentIal matrix (Noake, 1988) (continued)

Following the approach In Figure 8-3, once the potential
contaminant source Inventory has been completed,
each land use category or individual source IS placed In

a nsk category Figure 8-3 has five categories (low,
low-mechum, medium, medIUm-high, and high), but
fewer categories (low, medium, and high) can also be
used Figure 8-3 and Checklist 8-6, which Identifies high
and moderate risk land use activities based on ratings
from a variety of sources, can provide some gUidance
in how to classify potential contammant sources wlthm
a wellhead protection area Not all sources agree In their
classification of speCific land use categories, and clas
slflcation deciSions should consider all factors particular
to the wellhead protection area In question AqUifer vul
nerability mapping, as described m Section 5 5, IS a
valuable complement to the risk rankmg approach to
evaluating potential contammant sources For example,
any given potential contaminant source represents a
less significant threat to a highly confmed aqUifer than
to an unconfined aqUifer (see Section 5 4 3) 1 Table 5-9
Identifies a number of references that diSCUSS vulner
ability mapping In the context of risk assessment

Whether a land use IS claSSified as high or moderate risk
becomes a slgmficant consideration when developing
options for managing the WHPA High-risk land uses are
frequently prohlbrted m high PriOrity wellhead protection

1 An exception to this would be where the source IS near an Improp
efIy abandoned well that provides a pathway from the surface to the
confined aquifer
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areas, and moderate-risk are commonly restricted In

such areas Table 10-1 Illustrates how particular hlgh
and moderate-risk land uses have been either prohib
Ited or restricted (I e , speCial permit reqUired) In four
water resource protection zones on Nantucket Island

Figure 8-4 Illustrates the results of a two-phased evalu
ation of potential hazards for a public water supply well
m illinOIS The first phase (Figure 8-4a) Involved a sum
mary tabulation of the mformatlon obtained from the
mdlvldual source surveys (see Worksheet C-6) The
numbers In the first column refer to map locations, and
the second and third columns refer to illinOIS environ
mental permits Note that the last two columns mdlcate
whether the source IS a potential hazard, and If so,
whether the hazard might be slgmflcant The Phase II
evaluation (Figure 8-4b) mcorporates the potential
source charactenstlcs tabulated m the first phase and
also takes Into consideration geologiC susceptibility, at
tenuatlve SOil properties and depth to water table In thiS
example, a geographiC information system was used to
relate all of the variables Identified In Figure 8-4 and to
evaluate the potential hazardous to the ground water m
the wellhead study area

8.4.2 Other Risk Evaluation Methods

Risk ranking and aqUifer vulnerability mapping methods
are probably adequate for many WHPAs Where many
high risk potential contaminant sources eXist Within a
WHPA, more sophisticated rusk assessment approaches



Checklist 8-6
Risk Categories of Land Uses and Activities Affecting Ground Water Quality

High Risk (Frequently Prohibited Ul Htgh Pnority Water Supply ProtectIOn Areas)

Anport mamtenance areas
Ammal feedlots
Apphance/small engme repair shops
Asphalt/concrete/coal tar plants
Auto repair and body shops·
Boat service, repall' and washing establishments
Beauty parlors/hairdressers
Business and industnal use') (excluding agriculture) which mvolve the onsite cbsposal of process
wastes from operations
Car washes
Chemlcallbiologtcallaboratory
Chemical manufactunngl"mdustnal areas
Cleanmg selVlce (dry cleamng, Iaunmomat, commerClallaundry)·
DISposal of liqwd or leachable waste except for properly designed commercial and reSidential
onsite wastewater disposal systems and normal agncultural operations
Electroplaters (metal plating and fimshing) and metal fabncators·
Fuel od dlStnoutors
Furmture and wood stnpping and refinishing·
Gasohne stations
Golf courses/parkslnursene:.
Graveyards
Improperly constructed or abandoned wells (perched, confined aquifers)
lunkyards and salvage yarw,·
Landfills and dumps
Makmg the surface of more than 10% of any lot impervious
Mmmg operations
Medical services (mcluding dentaVvet)
Military installations
Motelslhotels
Mumcipal sewage treatment facilities With onSlte dtsposal of pnmary or secondary effluent
Oil and gas driIhng and production
Outdoor storage of road saRt, or other de-IC1Dg materials, the application of road salt and the
dumpmg of salt-laden snow ~

Outdoor storage of pestiCides or herbiCIdes
ParkIng areas of over SO spaces
PestiCldelherbicide stores
Petroleum product refinmg and manufacturing
Photo processors/printmg estabhshments
RCRA hazardous matenals TSDs
Sand and gravel extraction
Truckmg or bus termmals
Underground storage and/oll' transmission of 011, gasolme or other petroleum products
Use of septic system cleanels which contain tOXIC chemiCals (such as methylene chlonde, and
1,1,1 tnchloroethane)
Wood preservmg and treatlllg·
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Checklist 8·6
Risk Categories of Land Uses and Activities Affecting Ground Water Quality (Continued)

Moderate Risk (Frequently restricted in high priority water supply protection areas)

Aboveground storage tanks without secondary containment structures
Artificial groundwater recharge facilities
Excavation for the removal of earth, sand, gravel and other soils
Drainage from impermeable surfaces without mstallatlon and mamtenance of od, grease and
sediment traps
DI}'WelIs and unlined stormwater drainage channels and impoundments
Irrigation in areas with coarse, permeable sods
Reaidentiallot size in areas not selVed by municipal sewers (larger lot SIZeS reduce the amount of
contammation from septic systems and household chemicals)
Unlined irrigation canals and tailwater sumps (arid areas)
Use of road salt (NaC)
Use of commercial fertilizers, pesticides and herbicides

Sources: Lowrence (1992), Noake (1988), MIChtgan Departments of Natural Resources and Public Health
(1993)"

• Highest risk light industrial uses identified m U.S EPA (1991a)

•• Incomplete; several other sources the provide this land of risk ranking have been identified and will be
incorporated into this table for the final report
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Figure 8-4 illustration of wellhead protection contamlhant source evaluation of potential hazards, Pekin, Illinois (a) Phase I,
(b) Phase II (Adams et ai, 1992)
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need to be considered for a comprehensive nsk assess
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Chapter 9
Wellhead' Protection Area Management

Management of wellhead protection areas (WHPAs) to
prevent ground water contamination Involves several
steps

• Identlflcatton of protection options appropriate for the
types of potential contaminants present

• SelectIon of those that are technically and politically
feasible for the area

• Implementation of the options

• Monitoring of the effectiveness of management and
application of additional management practices, If
reqUired

• Development of contingency plans to address threats
to a water supply as a result of accIdent or failure
of the management practices that have been
Implemented

This chapter Includes a checklist and tables that provide
a comprehensive overvIew of available options, but
does not diSCUSS specific approaches In detail Table 9-4
at the end of the chapter provides an Index to major
references sources where more detailed information
can be obtained about specific options for management
of wellhead protection areas '

9.1 General Regulatory and
Nonregulatory Approaches

Wellhead protection management options or tools can
be broadly classified as regulatoryand nonregulatory At
the local level, regulatory approaches generally Involve
the use of some form of (1) zOning ordinances, (2)
subdivISion or individual lot controls, or (3) promulgation
of local health and environmental regulations deSigned
to directly or indirectly protect ground watel In a WHPA
State-level legislation or regulations may also address
wellhead protection Nonregulatory controls, as the
name Implies, Involve voluntary actions 011 the part of
the public and pnvate sector to enhance ground water
protectton

Wellhead protection management opttons can also be
classified as techmcal and nontechmcal Although the
dividing line may not always be clear, technical options
generally Involve controls based on some under-
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standing of the relattonshlp between contaminant char
acteristics and the hydrogeology of a WHPA Nontech
nical opttons are generally not directly related to
SCientIfic conslderattons, although indirect relationships
eXist to the extent that WHPA delineation and contami
nant risk assessment processes are sCientifically
based

Checklist 9-1 IdentifIes 45 specifiC wellhead protectton
tools In three major categories (1) nontechnical regula
tory options, (2) nontechnical nonregulatory opttons,
and (3) technical regulatory and nonregulatory options
Nontechnical options are not discussed further here
However, Checklist 9-1 indicates where Tables 9-1 and
9-2 provide summary information on specific options
The rest of thiS chapter focuses on general techmcal
approaches to WHPA management (Section 9 2), spe
CifiC approaches for different types of land use (Sectton
93), and contingency planning (Section 94)

9.2 General Techmcal Approaches

9.2.1 Design Standards and Best
Management Practices

DeSign standards define speCifications for how a
bUilding or onSlte wastewater dIsposal system
should be constructed Best management practices
(BMPs) define how repeated actiVities, such as con
struction and farmmg, should be carned out so as
to minimiZe adverse environmental Impacts The
great advantage of these approaches IS their sim
pliCity They establish an objectIve standard for
mOnltonng compliance DeSign standards usually
reqUire inspection for compliance at the time of in
spection, although some ongOIng mOnitoring may
also be reqUired BMPs may reqUire ongomg mOnl
tonng for compliance DeSign standards and BMPs
Will only proVide adequate protection, however, If
the assumptions used In establlshmg the standard
or practice apply Within a WHPA DeSign standards
and BMPs tend to be less fleXible than performance
standards (next section) because they cannot be
readily modIfied to reflect local conditIons



Checklist 9-1
Wellhead Protection Tools

Regulatory OptIOns (l"l'ontechnlcal)

Zonmg Ordmances (fable 9-2)

Overlay ground water protectton dlStncts (fable 9-1)
Land use prohibItIons (fable 9-1)
SpeCIal penDltttng (fable 9-1)
Large-lot zonmg (fable 9-1)
Transfer of development nghts (fable 9-1)
CusterlPUD DeSIgn (fable 9-1)
Growth controls/ttmmg (fable 9-1)

SUbdMSIOD and IndIVIdual Lot Controls

SubdMSlon ordmances (fable 9-2, see also Technical OptIons below)
SIte plan reVIew (Table 9-2)

Health and EnVIronmental RegulatiOns

ProhIbIt or addItIonal regulatIon of underground storage tanks (fable 9-1)
Other source prohIbitions (Table 9-2)
Inspection and testIng (fable 9-2)
Prohibition/regulatIon of smaIl sewage treatment plants (fable 9-1)
Phosphorus buffer zone
SeptIc cleaner ban (fable 9-1)
SeptIc system mamtenance/upgrades (fable 9-1)
RegIStratIon and mspectlon of busmesses usmg tOXlc/hazardouS matenaIs (fable 9-1)
Regulation of household hazardous waste
RegulatIon of agncult1lral chelDlcals
RegulatIon of pnvate wells. pel'JDlts, pump and water quality testing (fable 9-1)

LegISlative (State-level)

EstablIShment ofregtonal WHPAs (fable 9-1)
Passage of laws authonzmg regulation where regulatOIy powers are 111111ted

Nonregulatory OptIons (l"l'ontechntcal)

Land acqJllSltlon by purchase or donation (fables 9-1, 9-2)
Purchase of development nghts (fable 9-2)
TaxatIon deferments for nondevelopment
Conservation easements (fable 9-1)
Voluntary IImlts to development (fable 9-1)
Land bankmg/transfer taxes (fable 9-1)
ContIngency plannmg (fables 9-1, 9-2)
Hazardous waste collection program (fable 9-1)
Pubhc education (fables 9-1, 9-2)
Trammg and demonstratIon (fable 9-2)
Waste reductIOn (fable 9-2)
Water conservation
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Checklist 9-1
Wellhead Protection Tools (Continued)

Technical Regulato1\' and Nonregulato1\' Options

General

Wellhead protection zones
Grc)und water mODltonng (fables 9-1, 9-2)
Petformance standards (fable 9-1)
Operatmg standards (fable 9-2)
De.'Slgn standards (fable 9-2)
B~1 management practices - BMPs (fable 9-2)
Capture zone management

SubdtvlSlon Controls

Nitrogen/phosphorus loadmg standards
Dramage RequIrements (fable 9-1)

Nonpomt Source Pollution Controls

Agnculture BMPs
ColnstrUctlon Site BMPs
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Table 9-1. Summary of Wellhead Protection Tools

Applicability to
Wellhead Protection Land Use Practice Legal Considerations Administrative Considerations

Regulatory: Zoning

OVerlayGW Used to map wellhead Community Identifies Well-accepted method of ReqUires staff to develop overlay
Protectlon Districts protection areas WHPAs on practical Identifying sensItive areas map

(WHPAs) base/zoning map May face legal challenges Inherent nature of zoning
ProVides for If WHPA boundaries are provides "grandfather" protection
Idenbficatlon of sensitIVe based solely on arbitrary to pre-existing uses and
areas for protection delineation structures
Used in conjunction with
other tools that follow

Prohibition of Used within mapped Community adopts Well-organized function of ReqUires amendment to zoning
Various Land Uses WHPAs to prohibit prohibited uses list zOning ordinance

ground-water Within their zOning Appropriate techniques to Requires enforcement by both
oontammants and uses ordinance protect natural resources visual Inspection and onslle
that generate from contamination investigations
contaminants

Special Permitting Used to restrict uses Community adopts Well-organized method of ReqUires detailed understanding
within WHPAs that may speCial permit segregating land uses of WHPA senSitIVity by local
cause ground water "thresholds" for vanous Within cntlcal resource permit granting authority
contamination if left uses and structures areas such as WHPAs ReqUires enforcement of special
unregUlated within WHPAs ReqUires case-by-ease permit reqUirements and onslte

Community grants analysIs to ensure equal investigations
special permits for treatment of applicants
"threshold" uses only If
ground water quality
will not be
compromised

Large-Lot Zoning Used to reduce Impacts Community "down Well-recognized ReqUires amendment to zoning
of residential zones" to Increase prerogative of local ordinance
development by limiting minimum acreage government
numbers of units Within needed for residential ReqUires rational
WHPAs development connection between

minimum lot size selected
and resource protection
goals
Arbitrary large lot zones
have been struck down
WithOUt logical connection
to Master Plan or WHPA
program

Transfer of Used to transfer Community offers Accepted land use Cumbersome administrative
Devolopment Rights development from transfer option Within planning tool requirements

WHPAs to locations zOning ordinance Not well suited for small
outside WHPAs Community Identifies communities Without significant

areas where administrative resources
development IS to be
transferred "from" and
"to"

C'luslerlPUD Design Used to guide reSIdential Community offers Well-accepted option for Slightly more complicated to
development outside of cluster/PUD as reSidential land administer than traditional "grid"
WHPAs development option development subdiVISion
Allows for ·point source" WIthin zOning ordinance Enforcement/Inspection
discharges that are more Community Identifies reqUirements are Similar to "grid"
easily monitored areas where subdiVISion

cluster/PUD IS allowed
(I e , Within WHPAs)

Growth Controls! Used to time the Community imposes Well-accepted option for Generally complicated
11m/fig occurrence of growth controls In the commUnities faCing administrative process

development WIthin form of bUilding caps, development pressures Requires administrative staff to
WHPAs subdiviSion phasing, or within sensitive resource Issue permits and enforcement
Allows communities the other limitation tied to areas growth control ordinances
opportunity to plan for plannrng concerns Growth controls may be
wellhead delineation and challenged If they are
protection imposed without a rational

connection to the
resource being protected
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Table 9-1 Summary of Wellhead Protection Tool'S (Continued)

Applicability to
Wellhead Protection ulnd Use Practice Legal Considerations Administrative Considerations

Performance Used to regulate CClmmUnlty Identifies Adoption of specific Complex admlnlstratlve
Standards development Within WHPAs and WHPA performance requirements to evaluate impacts

WHPAs by enforcing established standards reqUires sound of land development within
predetermined standards "thresholds" for water technical support WHPAs
for water quality quality Performance standards
Allows for aggressive must be enforced on a
protection of WHPAs by case-by-case basIs
limiting development
Within WHPAs to an
accepted level

RegUlatory Subdivision Control

Drainage Used to ensure that Community adopts Well-accepted purpose of Requires moderate level of
ReqUirements SUbdIViSion road stB'lngent subdiVIsion subdivision control Inspectlon and enforcement by

drainage IS directed rules and regulations administratIVe staff
outside of WHPAs to regUlate road
Used to employ drainage/runoff In
advanced englneenng subdiVISions WIthin
desIgns of subdIVISion WHPAs
roads WIthin WHPAs

RegUlatory Health RegUlations

Underground Fuel Used to prohibIt Community adopts Well-accepted regulatory Prohlbltlon of USTs reqUire little
Storage Systems underground fuel health/ZOning option for local administratIVe support

storage systems (USTs) ordinance prohibiting government Regulating USTs reqUires
Within WHPAs USTs Within WHPAs moderate amounts of
Used to regulate USTs Community adopts administratIVe support for
Within WHPAs speCial permlt or Inspection followup and

performance standards enforcement
for use of USTs Within
WHPAs

PrIVately Owned Used to prohibit small Community adopts Well-accepted regulatory Prohibition of SSTPs require little
Wastewater sewage treatment plants hE>althlzoning option for local administratIVe support
Treatment Plants (SSTP) Within WHPAs ordinance WIthin government Regulating SSTPs requires
(Small Sewage WHPAs moderate amount of
Treatment Plants) Community adopts administrative support of

special permit or inspectIon followup and
performance standards enforcement
for use of SSTPs
WIthin WHPAs

Septlc Cleaner Ban Used to prohibit the Community adopts Well-accepted method of Difficult to enforce even With
appllcatlon of certain he'alth/zonlng protectlng ground water sufftclent administratIVe support
solvent septlc cleaners, ordinance prohIbiting quality
a known ground water the use of septic
contaminant, Within cleaners contammg
WHPAs 1,1,1-tnchloroethane or

other solvent
c<lmpounds Within
WHPAs

Septlc System Used to reqUire penodlc Community adopts Well-accepted purview of Significant admlnlstratlve
Upgrades Inspectlon and health/ZOning government to ensure resources reqUired for thiS option

upgrading of septlc ordinance requinng protectlon of ground water
systems Inspection and, If

ncocessary, upgrading
of septic systems on a
time baSIS (e g , eVF~ry

2 years) or upon
title/property transfer
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Tablit 9-1. Summary of Wellhead Protection Tools (Continued)

Applicability to
Wellhead Protection Land Use Practice Legal Considerations Administrative Considerations

Conservation Can be used to limit
Easements development WIthin

WHPAs

Toxic and Used to ensure proper
Hazardous Materials handling and disposal of
Handling Regulations toxic materials/waste

Umlted Development As the tille Implies, thiS
technique IIrntts
development to portions
of a land parcel outside
ofWHPAs

Private Well
Protection

Non-regulatory.

SalelDonation

Community adopts
health/zoning
ordinance reqUiring
registration and
Inspection of all
businesses within
WHPAusing
toxlClhazardous
materials above certain
quantIties

Used to protect private Community adopts
onslte water supply wells health/zoning

ordinance to require
permIts for new pnvate
wells and to ensure
appropriate well-to
septIc-system setbacks
Also requires pump
and water qUality
testing

Land Transfer and Voluntary Restrictions

Land acquired by a As non-regulatory
community WIth WHPAs, technique,
eIther by purchase or commUnities generally
donation Provides broad work In partnership
protection to the With non-prOfit land
ground-water supply oonservatlon

organizations

SimIlar to
sales/donatIons,
conservatIon
easements are
generally obtained With
the assistance of
non-profit land
conservation
organization

Land developers work
with community as part
of a cluster/PUD to
develop limited
portions of a site and
restnct other portIons,
particularly those Within
WHPAs

Well accepted as within
purview of government to
ensure protection of
ground water

Well accepted as Within
purview of government to
ensure protection of
ground water

There are many legal
consequences of
accepting land for
donation or sale from the
private sector, mostly
InvolVing liability

Same as above

SimIlar to those noted in
cluster/PUD under zOning

ReqUires administrative support
and onslte Inspections

ReqUires administratIve support
and review of applications

There are few administrative
requirements involved In
accepting donations or sales of
land from the private sector
AdministratIVe requirements for
maintenance of land accepted or
purchased may be substantial,
partiCUlarly If the community
does not have a program for
open space management

Same as above

Similar to those noted in
cluster/PUD under zoning

Non-regUlatory: other

Monitoring Used to mOnitor ground
water qUality within
WHPAs

Conllo:gency Plans Used to ensure
appropriate response In
cases of contaminant
release or other
emergencies within
WHPA

CommunitIes establish
ground water
mOnitoring program
Within WHPA
Communities reqUire
developers WIthin
WHPAs to mOnitor
ground water quality
downgradient from
their development

Community prepares a
contingency plan
involving wide range of
munlclpaVcounty
officials
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Accepted method of
ensuring ground water
quality

None

ReqUires moderate
admlnlstra-live staffing to ensure
routine sampling and response if
sampling Indicates contamination

Requires significant up-front
planning to anticipate and be
prepared for emergencies



Table 9-1 Summary of Wellhead Protection Tocllis (Continued)

Applicability to
Wellhead Protection L.and Use Practice Legal Considerations Administrative Considerations

Hazardous Waste Used to reduce Communities, In There are several legal Hazardous waste collection
Collection accumulation of C'.ooperatlon wrth the Issues raised by the programs are generally

hazardous materials state, regional planning collection, transport, and sponsored by government
Within WHPAs and the commiSSion, or other disposal of hazardous agencies, but administered by a
commumty at large entity, sponsor a waste private contractor

"hazardous waste
collection day" several
times per year

PublIC Education Used to Inform Gommumtles can No outstanding legal ReqUires some degree of
commumty reSidents of E'mploy a variety of conSiderations administrative support for
the connection between public education programs such as brochure
land use Within WHPAs techmques ranging mailing to more intensive support
and drinking water from brochures for seminars and hazardous
quality detailing their WHPA waste collection days

program, to seminars,
to involvement In
(wents such as
hazardous waste
collection days

Legislative

Regional WHPA Used to protect regional l~eqUires state Well-accepted method of Administrative reqUIrements will
DiStrictS aqUifer systems by legislative action to protecting regIonal ground vary depending on the goal of

establishing new create a new water resources the regional district
legislatIVe districts that legislatIVe authonty Mapping of the regional WHPAs
often transcend eXisting reqUIres moderate admlmstratlve
corporate boundanes support, while creating land use

controls Within the WHPA WIll
require slgmficant admimstratlve
personnel and support

Land Banking Used to acquire and Land banks are usually Land banks can be Land banks require Significant
protect land Within accomplished With a subject to legal challenge administrative support If they are
WHPAs transfer tax established as an unjust tax, but have to function effectIVely

by state government been accepted as a
empowering local legitimate method of
government to Impose raising revenue for
a tax on the transfer of resource protection
land from one party to
another

Source Horsley and Witten, 1989

9.2.2 Performance and Operating Standards

Performance and operating standards focus on estab
lishing measurable environmental standards that protect
human health or the enVIronment Performance and
operating standards alone do not specify how perform
ance should be achieved Determining compliance for
environmental standards, such as minimum acceptable
concentrations of a chemical In ground water, IS rela
tively Simple, requlflng sampling and chemical analySIS
Noncompliance, however, Will reqUire additional actions
to fmd the reason for noncompliance and the Implemen
tation of methods to bring the system bac:k Into compli
ance ThiS approach generally prOVides more fleXibility
than deSign standards and BMPs, Slnc,e almost any
method can be used as long as the performance stand
ard IS achieved To be effective, performance and opera
tion standards must be Implemented far enough from
the wellhead area that noncompliance can be rectified
Without posing a threat to the well
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9.2.3 Ground Water Monitoring

Ground water mOnltormg IS an essential component of
wellhead protection All WHPA delineation methods In
volve IrredUCible uncertamttes due to the Inherent phYSI
cal and chemical compleXity of hydrogeologiC systems
PrevIous chapters have made suggestions for ways to
address uncertainties, but no delineation method or
ground water management practice IS fall-safe For early
detection of contamination, mOnitoring wells should be
Installed between Significant pOint sources of potenttal
contamlnatton and the wellhead ahead In the most direct
ground water flow path line (Chapter 2) One or more
momtorlng wells should be Installed upgradlent of the
wellhead along a speCified time of travel contour (say 2
to 5-year Isochron) to prOVide an early warning of the
presence of contaminants traveling toward the well

Installation of ground water momtorlng wells and ground
water sampling reqUire speCial procedures to ensure



Tabfo 9-2. Potential Management Tools for Wellhead Protection (Born et al , 1987, US EPA, 1989)

Regulatory Nonregulatory

Zoning Ordinances. ZonIng ordinances typically are
comprehensive land-use requIrements desIgned to direct the
development of an area Many local governments have used
zoning to restrict or regulate certain land uses within wellhead
protection areas

Subdlvfslon OrdInances. SubdivisIon ordlnances are applied to
land that Is divided Into two or more subunits for sale or
development. Local governments use this tool to protect wellhead
areas In which ongoing development Is causing contamInation

Sito Plan RevIew. Site plan reviews are regulations requIring
developers to submit for approval plans for development occurnng
within a given area This tool ensures compliance With regulations
or other requirements made WIthin a wellhead protection area

Datgn Standards Design standards typIcally are regulations that
apply to the design and construction of buildings or structures
This tool C8I'1 be used to ensure that new buildings or structures
placed within a wellhead protection area are designed so as not
to pose 11 threat to the water supply

Operating standards Oporatlng standards are regulations that
apply to ongoing land-use actlVlties to promote safety or
environmental protection Such standards can minimize the threat
to the weRhead area from ongoing activities such as the
application of agricultural chemicals or the storage and use of
hazardous substances

Source Prohibitions. Source prohibitions are regulations that
prohibit the presence or use of chemicals or hazardous acttvltles
within Il given area Local govemments can use restrictions on the
storage or handling of large quantities of hazardous materials
within Il wollhead protection area

Inspection and Testing Local governments can use theIr
staMory home rule power to require more stringent control of
contamInation sources within wellhead protection areas than gIVen
In federal or state rures

that samples are representative Major EPA documents
that provide gUidance In this area Include Aller et al
(1991), Barcelona et al (1985), US EPA (1986d), US
EPA (1986e), and US EPA (1993b)

9.3 Specific RegUlatory and Technical
Approaches

In addition to Checklist 9-1 and Tables 9-1 and 9-2
discussed earlier, the follOWing may be helpful In devel
oping speCifIC regulatory and technrcal approaches for
managing a WHPA

• Worksheet e-7 Includes (1) a summary form for Iden
tifying exlstmg bylaws available to regulate land use
actIVItIes WIthin a WHPA and areas where regulations
might be needed, and (2) a questionnaire to Identify
key concerns and eXIsting control mechanrsms

• FIgure 9-1 provides ratings for the applicability of 10
local regulatory techniques to 34 land use categones
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Purchase of Property or Development Rights The purchase
of property or development nghts is a tool used by some
localities to ensure complete control of land uses In or
surrounding a wellhead area ThIs tool may be preferable If
regulatory restrIctions on land use are not politically feasIble and
the land purchase Is affordable

Public Education Public education otten consists of brochures,
pamphlets, or seminars designed to present wellhead area
problems and protection efforts to the pubhc In an
understandable fashion ThIs tool promotes the use of voluntary
protection efforts and builds public support for a community
protection program

Waste Reduction Residential hazardous waste management
programs can be desIgned to reduce the quantity of household
hazardous waste being disposed of Improperly This program has
been used un locahtles where mUnicipal landfills potentially
threaten ground water due to Improper household waste disposal
In the wellhead area

Best Management Practices BMPs are voluntary actions that
have a long tradition of being used, especially un agriculture
TechnICal assistance for farmers wishing to apply them is
available from local ExtenSion and SCS offices

Training and Demonstration These programs can complement
many regulations. for example, training underground storage tank
Inspectors and local emergency response teams or
demonstration of agncultural BMPs

Ground-Water Monitoring Ground-water mOnitoring generally
consIsts of sinking a series of test wells and developing an
ongoing water quahty testing program This tool prOVides for
mOnitoring the quahty of the ground-water supply or the
movement of a contaminant plume

Contingency Planning Local governments can develop their
own contingency plans for emergency response to spills and for
alternatIVe water supply In case of contamination of the eXisting
supply

• Table 9-3 Identifies general BMPs for commerCial and
Industnal facilities

• Table 8-4 Identifies references contamlng recom-
mended detailed BMPs for speCifiC land uses

Chapter 10 mcludes SIX case studies that prOVide exam
ples of different approaches to management of WHPAs
10 different hydrogeologiC settmgs

9.4 Contingency Planning

Developmg a contingency plan to deal With emergency
threats to ground water quality In the WHPA, such as
aCCidental chemical spills, IS an essential part of man
agmg a wellhead protection area The plan should 10

clude mformatlon that allows a rapid response to
mmlmlze damage from aCCidental spills or other re
leases of chemicals, such as dunng efforts to control a
fire at a known chemical storage site The plan should
also mclude short- and long-term solutions to the



Local
Regulatory
Techniques

(see discussion
In OUldebook)

Land Use Categories
Agriculture
Airports
Asphlllt PIllnts
Beeuty Pili' lars
BOllt Y8rds/Bullders
cer WllShes -----

cemeteries
Chemical ManufllCture
Clllndestlne Dumping
DryCleenlng
Furniture Stripping & Painting
60U Courses/Turf Managemenl
Hazardous Materials Star.
High Technolllg)' Industries
Industrial Lagoons end Pits
Jewelry and Melal Platlng
Junkyards
Landfllls
Laundromals
HllChlne ShopslHetal Working
Municipal WestewaterlSewer LInes

Pilot labs/Printers
Rlll1rOlld TrllCks lIl1d Yerds
Research Lllbs/Hos Itals
Rued and Nalntel'lMal De ots
Sand IIIld GrllVel Mining/Washing
5eptllgll Legoons and Sludge
septlc Systems, cesspools
Stables, Feedlots, Kennels
Slormwaler Dralns/Retentlon BesiO!l
Stump Oumps
Underground Storage Tenks
Vehicular services
Wood Preserving

Explanation of the Matrix

D
~

III

Not Applicable

Applicable to Proposed Uses

Applicable to EXisting
and Proposed land Uses

This MatriX relates local regulatory techniques \0 various
lend use categories The localllUlhorlty hes options for
conlrolllng potentlal contemlnanl9OUl'C8S ElICh technique
cen Incorporate provisions for existing uses, proposed
uses, and other sltuetlons, such lIS a chenged use or llA
ebanOOned use Because techniques tocontrol exlstlno uses
automatically cover fulure uses, II bOx shOwing eppllc
IIblllty to exlstlng uses only does not eppw

Figure 9-1 Land usenocal regUlatory techniques matrix (Noake, 1988)
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Table 9-3. General Best Management Practices (Inglese, 1992)

DESIGN BMPs

Subsurface Disposal
Systems

OfyWeUs

storage Facilities

Minimum setback distances should be established between limIts of leach fIelds and wellheads Distances
should be based on Information such as percolation tests, zone of Influence of leachate mounding, wellhead
protection areas, and time of travel

Leach fields must be sized according to sOil charactenstlcs and hydraulic and pollutant loadings Excessively
sized septic system leach fields may cause reduced effectiveness if normal flows are Inadequate to maintain a
biologically active clogging layer throughout the leach field

Septic systems are not recommended In areas With karst, fractured, cavernous, volcanic, or any other highly
permeable subsurface formation

Additional detention times for septic tanks, and larger buffer zones around leachfields should be conSIdered In
septic system design

All septic tank Installations should be deSigned or retrofitted With prOVISions for sampling at the outlet baffle
Gas baffles should be Installed at the outlet

Maximum contaminant levels must be met for pollutants prior to dIscharge to leachfleld distribution system

Any facility on a septic system must have Its septic tanks effluent monItored for Ph, BOD, nitrites, nitrates, and
ammonia Monitoring should be done annUally and increased to a quarterly schedule If detectable levels are
recorded After three successive non-detectable readings, the monitoring can be reduced to an annual schedule

Verdy that the septic system Is serviced by a waste hauler

Eliminate floor drain discharges to the ground, septic systems (except In samtal'Y facilities), storm sewers, or to
any surface water body from any location 10 the facility

If no floor drains are Installed, all discharges to the floor should be collected, contained, and disposed of by an
appropriate waste hauler In accordance With federal and state requirements

Floor drains in sanitary facilities must either discharge to a septic system, a municipal sanitary sewer, or a
holding tank which is periodically pumped out

Floor drains in work areas can either be connected to a holding tank with a gravity discharge pipe, or to a
collection sump which discharges to a holding tank

Ofy wells must be eliminated in ALL cases unless they receive ONLY CLEAN WATER DISCHARGES which meets
all established Maximum Contaminant Levels (MCLs) promulgated under the Safe Drinking Water Act and other
state and local standards for drinking water, and Is In compliance with any other state and local requirements

Floor surfaces In work areas and chemical storage areas shOUld be sealed With an Impermeable matenal
resistant to acids, caustics, solvents, oils, or any other substance which may be used or generated at the
facility Sealed floors are easier to clean without the use of solvents

Work area floors should be pitched to appropriate floor drains If floor drains are not used, or If they are located
close to entrance ways, then berms should be constructed along the full width of entrances to prevent
stormwater runoff from entering the building

Berms should also be used to Isolate floor drains from spill-prone areas

Loading and unloading of materials and wastes should be done within an enclosed or roofed area with
secondary containment and Isolated from floor drains to prevent potential spills from contaminating stormwater
or discharging to the ground

Underground storage tanks should not be used, unless explicitly required by fire codes or other federal, state or
local regUlations

Where underground tanks are required, they should have double-walled construction or secondary containment
such as a concrete vault lined or sealed With an Impermeable material and filled with sand Both types of tanks
should have appropriate secondary containment monltonng, high level and leak sensing audloMsual alarms,
level Indicators, and overfill protection If a dip stick Is used for level measurements, there should be a
protective plate or basket where the stick may strike the tank bottom

Above-ground tanks should have 110% secondary containment or double-walled construction, alarms, and
overfill protection, and should be Installed In an enclosed area Isolated from floor drains, stormwater sewers, or
other conduits which may cause a release Into the environment

Flil-pipe Inlets should be above the elevation of the top of the storage tank

Tanks and associated appurtenances should be tested periodically for structural integrity

Storage areas for new and waste materials should be permanently roofed, complately confined Within
secondary confinement berms, Isolated from floor drams, have sealed surfaces, and should not be accessible to
unauthorized personnel

Drum and container storage areas shOUld be consolidated Into one location for better control of materIal and
waste Inventory
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Table 9-3 General Best Management Practices (Continued)

Cooling Water

Utilities

Water ConselVation

Foundation Drainage &
Dewatenng

Stormwater
Management

Cross-connectlons

Work Areas

Connection to
MUnicipal Sanitary
Sewers

Holding Tanks

PROCEDURAL BMPs

Material & Waste
Inventory Control

PreventatIVe &
Corrective Maintenance

Closed-loop cooling syst(~ms should be considered to eliminate cooling water discharges

Any cooling water from solvent recovery systems should be free of combination from solvent, 'metals or other
pOllutants, and should nClt discharge to the ground Cooling water may be discharged to a stOI m sewer, sanitary
sewer, or stream, prOVided all federal, state, and local requirements are met

Floor drains should be e!lmlnated In rooms where bOilers or emergency generators are housel:l

Flow restrlCtors and low-now faucets for Sinks and spray nozzles should be Installed to minim Ize hydraulic
loading to SUbsurface disposal systems

If water from foundation drainage and dewatenng IS not contaminated, It may be discharged to a storm sewer
or stream In accordance With any applicable federal, state, or local requirements

Contaminated water from foundation drainage and dewatering Indicates a likely ground wate r combination
problem, which should be InvestIgated and remedlated as necessary

Stormwater contact With matenals and wastes must be aVOided to the greatest extent paSSllble Storage of
matenals and wastes should be Isolated In roofed or enclosed areas to prevent contact Witt 1 preCipitation

Uncovered storage area'S should have a separate stormwater collection system which dlsct larges to a holding
tank

Stormwater from budding roofs may discharge to the ground However, If solvent dlstdlatlo'n eqUipment or vapor
degreaslng IS used, With a vent that exhausts to the roof, then roof leaders may become Icross contamInated
With solvent These potential sources of cross contamination must be Investigated and ell mlnated

Cross-eonnectlons, such as sanitary discharges to storm sewers, stormwater discharges to sanitary sewers, or
floor drain discharges to storm sewer systems, should be Identified and eliminated

Consohdate waste-genel atlng operations and phySically segregate them from other ope rations They should
preferably be located Within a confinement area With sealed floors and With no dlre"t ar.;cess to outSide the
faCIlity This reduces the total work area exposed to solvents, faCIlitates waste stream segregation and effICient
matenal and waste handling, and mlmmlzes cross combination With other operations el/ld potential pathways for
release Into the enVIronment

Waste collection stations, shOUld be prOVided throughout work areas for the accumulat Ion of spent chemicals,
SOiled rags, etc Each station should have labeled containers for each type of waste flUid ThiS prOVides safe
Intenm storage of wastes, reduces frequent handling of small quantities of wastes to storage areas, and
minimizes the overall nsk of a release Into the envIronment

New solvent can be supplied by dedicated feed lines or dispensers to minimize han dllng of matenals These
feed lines must default to a closed setting to prevent unmomtored release of maten al

EXIsting and future faclli ties should connect their 'sanitary faCIlitIes to mumclpal sam tary sewer systems where
they are avatlable

FaCIlities should dIscharge to holding tanks if they are located where mUnicipal sanitary sewers are not
available, subsurface dl"posal systems are not f1easlble, eXisting subsurface dlSpo'Sal systems are fatllng, or If
they are high nsk faCIlities located In wellhead protection areas

Conduct monthly momtonng of Inventory and waste generation

Order raw matenals on an as-needed baSIS and In appropnate Unit sizes to avoldl waste and reduce Inventory

ObselVe expIration dates on products in Inventc,ry

Eliminate obsolete or excess matenals from inventory

Return unused or obsolete products to the vendor

ConSider waste management costs when bUYing new materials and equipment

Ensure matenal and waste containers are properly labeled Not labeling or ml'.labeling IS a common problem

Mark purchase date and use older matenals first

Maintain product Matenal Safety Data Sheets to mOnitor matenals In Inventorv and the chemical Ingredients of
wastes Make MSDS sheets available to employees

ObselVe maximum on-site storage limes for wastes

Control access to matenals that are hazardous when spent, encourage matonal substitution

A regularly scheduled Internal Inspection and maintenance program should 'De Implemented to selVlce
equipment, to Identify potential leaks and sptlls from storage and equIpment failure, and to take correctIVe
action as necessary to ,aVOid a release to the environment At a minimum, t.he schedule should address the
following areas
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T.bla 9-3 Gentlnll Best Management Practices (Continued)

Proventallve &
Corrective
MaIntenance
(continued)

Spill Control

M$terlals & Waste
Management

Management

Tanks, drums, contamers, pumps, eqUipment, and plumbing,

Work stations & waste disposal stations,

Outside and inslde storage areas, and stormwater catch basms & detention ponds,

Evidence of leaks or spills WithIn the facility and on the site,

Areas prone to heavy traffic from loadIng and off loading of matenals and wastes,

Properly secured contaIners when not in use,

Proper handling of all containers,

Drlppage from exhaust vents,

Proper operation of equipment, solvent recovery, and emiSSion control systems

Use emergency spill krts and equipment Locate them at storage areas, loading and unloading areas,
dispensing are8lf, work areas

Clean spills promptiy

Use recyclable rags or absorbent spill pads to clean up minor spills, and dispose of these materials properly

Clean large spills WIth a wet vacuum, squeegee and dust pan, absorbent pads, or brooms Dispose of all clean
up materials properly

MInimize the use of disposable granular- or powder-absorbents

Spilled material should be neutralized as prescnbed in Material Safety Data Sheets (MSDS), collected, handled,
and disposed of in accordance with federal, state, and local regUlations

Use shake-proof and earthquake proof contarners and storage facilities to reduce spill potential

U'ie spigots, pumps, or funnels for controlled dispensation and transfer of matenals to reduce spillage, use
different spigots, etc, for different products to malntarn segregation and minImize spillage

Store materials in a controlled, enclosed enVIronment (minimal temperature and humidity variations) to prolong
shelf life, minimize evaporative releases, and prevent mOisture from accumulating

l<eep containers closed to prevent evaporation, OXidation, and spillage

P lace drip pans under containers and storage racks to collect spillage

SO'gregate wastes that are generated, such as hazardous from non-hazardous, aCids from bases, chlonnated
frOirn nonchlorinated solvents, and Oils from solvents, to mlmmlze disposal costs and facilitate recycling and
reuse

Err~ty drums and contarners may be reused, after being properly nnsed, for stonng the same or compatible
ma~erials

Rec'lcle cleaning rags and have them cleaned by an appropriate Industnal launderer

Use dry cleanup methods and moppmg rather than floodIng wIth water

FIoo,'S may be roughly cleaned With absorbent prIor to mopping, select absorbents which can be reused or
recyc:led

Recyele cardboard and paper, and reuse or recycle containers and drums

Wastlls accumulated in holding tanks and contaIners must be disposed of through an appropriately licensed
waste transporter In accordance With federal, state, and local regulations

Management involvement in the waste reduction and pollution prevention mitlatlves is essential to Its successful
implementation In the work place By setllng the example and encouraging staff partlclpatlon through mcentives
or awards, management can Increases employee awareness about enVIronmentally sound practice A first step
is to Involve management In conducting a waste stream analySIs to determme the potential for waste reduction
and pollution prevention This analysIs should Include the followmg steps

IdentIfy plant processes where chemicals are used and waste Is generated,

Evaluate existing waste management and reduction methods,

Research alternattve technologies,

Evaluate fl9asibllity of waste reductton options,

Implement measures to reduce wastes, and

Periodically evaluate your waste reduction program

Develop ar~ energy and materials conservation plan to promote the use of efficient technologies,
well-maintained InventorIes, and reduced water and energy consumption
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Table 9-3 General Best Management Practices (Continued)

Management
(continued)

Employee Training

CommUnication

Record Keeping

Sound enVIronmental management should Include the currency and completeness of sIte and faCIlity plans,
faCIlity records and Inventclry management, discharge permits, manifests for dIsposal of wastes, contracts with
haulers for wastes, and contracts with service agents to handle recycling of solvents or to regUlarly servIce
eqUipment

Training programs should be developed which Include the follOWing

Proper operatton of process eqUipment,

Loading and unloading of materials,

PurchaSing, labeling, stonng, transferring, and disposal of matenals,

Leak detection, spill control, and emelgency procedures, and

Reuse/recycllng/matenal substttution

Employees should be traIned prior to working with eqUipment or handling of matenals, and should be
periodically refreshed when new regUlations or procedures are developed

Employees should be made aware of MSDS sheets and should understand theIr information

Employee awareness of the enVIronmental and economic benefits of waste reductton and pollutton prevention,
and the adverse consequences of Ignonng them, can also faCIlitate employee partiCipation

Posting of signs, commUnIcation with staff, educatton and training, and posting of manuals for spill control,
health and safety (OSHA), operation and maintenance of faCIlity and eqUipment, and emergency response are
essential Storage areas for chemicals and eqUipment, employee bathrooms, manager's office, and waste
handling stations are suggested areas for posting communication A bulletin board solely for enVIronmental
concerns should be conSidered

RegUlar Inspection and lThuntenance schedules should be posted and understood by staff

FaCility plans, plumbing plans, and subsurface disposal system plans and speclficattons must be updated to
reflect current faCIlity configuratton CopIes of associated approvals and permits should be maintained on file

OSHA reqUirements, health and enVIronmental emergency procedures, matenals management plans, Inventory
records, servlclng/repalrlinspecttons logs, medIcal waste tracking and hazardous waste disposal records must
be maintained up to date and made available for Inspectton by regulatory offiCials

temporary or permanent loss of all or a portion of the
water system source A contingency plan should Include
the follOWing elements

1 BaSIC information about the water supply system,
such as population, number of service connections,
location of fire hydrants, average dally usage, and
the names and telephone numbers of the water sys
tem operator, the fire chief, police chief, and other
emergency planning offiCials

2 A list of potential contaminant sources and their lo
cations (see Chapter 8)

3 A map Identifying the WHPA boundaries, how they
were delineated, and slgmflcant aspects of local hy
drogeology, geography, and geology that affect
movement of contaminants In the subsurface

4. Fire-fighting plans for speCifiC Sites, espeCially sites
Within the WHPAthat store or handle tOXIC chemicals
Such plans should be developed In coordination With
the Local Emergency Planning Committee (see Sec
tion 83)
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5 Surface spill emergency response procedures, includ
Ing the names and phone numbers of agencIes and
other IndIViduals outSide the commumty who should be
Informed These procedures should be developed In
coordinatIon With the Local Emergency Planning Com
mittee (see Section 83) Information on the type, loca
tion, and amount of spill should be recorded

6 Short-term emergency water supply options, Includ
Ing a bnef deSCription of the type and location of
water supply and the names and telephone numbers
of people who should be contacted In the event that
the source must be used

7 Long-term alternative water supply options

US EPA (1990c) prOVides general gUidance on contin
gency planmng Many state wellhead protection
programs have developed additional gUidance Work
sheet e-8 can be used to develop a contingency plan,
and Worksheet C-9 can be used for chemical emer
gency spill and documentation If these worksheets are
used, any state gUidance documents should be re
Viewed and the worksheet modified, If necessary
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Chapter 10
Wellhead Protection Case Studies

10.1 Overview of Case Studies

This chapter contains SIX case studies that Illustrate the
range of approaches that are possible for planning and
Implementing wellhead protection programs Each case
study IS presented In a untform format that Includes (1)
a bnef descnptlon of the community and hydrogeologic
setting of the wellhead area, (2) wellhead protection
area (WHPA) delineation methods used, (3) contami
nants of concern, and (4) management methods used
to protect ground water The case studies emphasize
two hydrogeologic settings that are espe,clally vulner
able to contamlnatron (1) allUVial aqUifers (Sectrons
1022, 1025, and 1026), and (2) carbonate aqUifers
(Sections 102 1, 1023 and 1024) The fnstthree case
studies Illustrate well-based protection approaches
ranging from a single well In southeastern Pennsylvania
(Section 10 2 1) to multiple wells In Rockford, illinOiS
(Section 10 2 2), to multiple wellflelds In Palm Beach
County, Flonda (Section 10 2 3)

The remaining case studies Illustrate different ap
proaches to ground water protection that emphasize
land use controls without special referenc.e to location
of wells Clinton Township In Hunterdon County, New
Jersey, focuses on land use controls In highly vulnerable
carbonate areas (Section 10 2 4) NantUl::ket, Massa
chusetts, applies land use controls of varyll1g stnngency
to four aqUifer protection zones that cover the Island's
entire 40 square miles (Section 10 2 5) The Pima Asso
ciation of Governments, In Pima County, Anzona, has
developed a regional approach to ground water protec
tion that emphasizes land use controls bas.ed on hydro
geologic vulnerability mapping (Section 10 2 6)

Section 10 3 provides information on additional refer
ence sources that contain case studies In WHPA deline
ation and management

10.2 Case Studies

10.2.1 Cabot Well, Pennsylvania: Tile Cost of
Not Protecting Ground Water Supplies

The Cabot wellillustrate~ the pOSSible costs associated
with failing to develop a wellhead protection program
(Emrich and LUitweller, 1990)

Community and Hydrogeologic Setting The Phila
delphia Suburban Water Company (PSWC) serves a
population of about 8,000,000 people In a 333 square
mile service area north and west of Philadelphia, Penn
sylvania About 25 percent of the utility's production
capacity comes from one well and one major ground
water reservoir In 1965, PSWC dnlled a water supply
well near King of PrUSSia, Pennsylvanta The well was
completed In the Cambnan-age Ledger dolomite, a fairly
pure, often maSSive, coarsely crystalline formation
known to yield large amounts of water The well was
dnlled to a depth of 275 feet, cased to 140 feet, and
Yields almost 2,000 gallons per minute

Wellhead Protection Area Delineation Methods The
Cabot well was dnlled before eXisting programs for well
head protection were established

Contaminant Sources When the Cabot well first be
gan operation, there were occasional inCidents of ele
vated turbidity which were attnbuted to Sinkhole actiVity
In the carbonate rock terrain These InCidents were suc
cessfully controlled (see below) Rapid urbanization oc
curred around the well In the 1970s and 1980s, nearby
land was developed for a bUSiness campus and an
offlce/hoteVconventlon center complex (Figure 10-1)
Construction actIVIties resulted In turbidity problems In

the well Relocation of a stream In the area, fill of the
floodplain, and Inadequate SIZing of culverts resulted In
occasional floods that Inundated the well The penodlc
flooding resulted In erratic turbidity spikes and hlgnbac
tena counts

Wellhead Protection Area Management Methods
Turbidity from Sinkhole development was successfully
controlled by locating Sinkholes as soon as they devel
oped and promptly filling them With compacted gravel
and clay to prevent infiltration of surface waters Recas
Ing of the well failed to solve the problems of turbidity
and bactenal contamination stemming from uncontrolled
urban development In the VICInity of the well Eventually,
Investigation of bactenal records, dye studies of the
stream and nearby sewer, review of a sewer Inflow and
Infiltration study, and placement of mOnltonng wells
around the central well prOVided eVidence that the sewer
was the source of the bactena At the time the case
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FIgure 10-1. Development around Cabot well (Emrich and Lult
weller, 1990)

study was wntten, remedIation of the sewer was In
progress, and PSWC was conducting pilot tests of ad
vanced filtration technology In case problems were not
entirely corrected The authors of the case study con
cluded that hundreds of thousands of dollars In Investi
gation and remedlatlon costs were the legacy of the
absence of an effecttve wellhead protection program

10.2.2 Rockford, Illinois: Wellhead
Management in a Contaminated
AquUer

Rockford, illinoIs, Illustrates the Importance of con
sidering possIble vanatlons In well pumpmg rates, and
Interactions between multlple pumpmg wells when de
lineating a wellhead protectIon area (Wehrmann and
Varljen, 1990).

Community and Hydrogeologic Setting Rockford, m
northcentral illinoIs, has a populatlon of about 140,000
The main source of water supply IS a sand and gravel
glacial outwash aquifer assoCiated with the Rock River
that fills a bedrock valley to depths exceeding 250 feet
Depth to ground water is approximately 30 to 40 feet,
and municIpal wells are capable of producing In excess
of 1,000 gallons per minute The study area, which has
been placed on EPA's National Pnonty List for cleanup
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of contamination (see below), Includes over 300 pnvate
domestic wells and 3 mUnicipal wells

Wellhead Protection Area Delineation Methods Nu
mencal ground water flow modeling (PLASM and
GWPATH) was used to delineate zones of contnbutlon
of wells and evaluate the interactions of well operations
on capture zones

Contaminant Sources A large number of Industnal
facIlities, many of which have operated In the area for
decades, have created a high potential for contamina
tion of ground water Sampling of ground water wells has
documented extensive contamination by volatile organic
compounds (VeCs) of the public and pnvate wells In
southeast Rockford Maximum vec levels In several
pnvate wells exceeded 0 4 mglL, and the 3 mUnicipal
wells contained vec concentrations from 0 035 to more
than 1 4 mglL These findings resulted In southeast
Rockford being placed on EPA's National Pnonty List of
Superfund Sites, With emergency response and reme
dial investIgations currently under way

Wellhead Protection Area Management Methods
The discovery that three mUniCipal wells were contami
nated With vecs resulted In their abandonment and an
Increase In pumping rates from two wells to the north
east Figure 10-2 shows 5-, 10-, and 20-year capture
zones under pre-VeC discovery pumping conditIons
(Wells 7A, 35, and 38 are the ones that were found to
be contaminated With VeCs) The small Circle around
each well marks the 400-foot minimum setback zone
speCified In the illinOIS Groundwater Protection Act of
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Figure 10-2 Five-, 10-, and 20-year time-related captures zones
under pre-VOe discovery pumping conditions,
Rockford, illinois, the small circle denotes the 400'
minimum setback zone (Wehrmann and VarlJen,
1990)



1987 (IGPA) The IGPAalso allows a maximum setback
zone of 1,000 feet from the wellhead, and a regulated
recharge area that extends up to 2,500 feet from a well
or group of wells It IS clear from Figure 10-2 that even
the maximum setback IS not adequate If more than a
5-year time of travel cntenon IS used for delineating a
wellhead protection area Figure 10-3 Illustrates 20-year
capture zones for pre-VOC discovery pumping condi
tions (dark line), post-VOC pumping conditions (lighter
line around wells 9A and 11), and the locations of poten
tial hazardous waste sources This figure Illustrates the
Importance of consldenng the effect of pumping rates
and InteractIOns between wells In well fleldls when de
lineating wellhead protection areas For example, the
effect of increasing pumping rates In Well 11 and shut
ting down contaminated wells 7A and 38 n3sulted In a
shift of the 2Q-year capture zone to the soufh The total
number of potential contaminant sources for Well 11
remained about the same About half the potenttal con
taminant sources for pre-VOC discovery pumping lie
outside the post-VOC discovery capture zone, however,
while an equal number of potenttal contaminant sources
that were previously located within the capture zone of
the contaminated wells fall Within the post-VOC diSCOV
ery capture zone of Well 11 The lesson from thiS case
study IS that "capture zone managemenf' may be an
option for protection of ground water supplies In addition
to land use management
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Figure 10-3 lWenty-year capture zones overlain on locations
of potential hazardous waste sources Asterisks
denote potential sources of contamination, the
darker outline constitutes the capture zone for
pre-VOC discovery pumping conditions and the
light outline, post-VOC discove." conditIons
(Wehrmann and VarlJen, 1990)

10.2.3 Palm Beach County, Florida: WeI/field
Protection Ordinance

Palm Beach County Illustrates a zoned approach to
protection of multiple wellflelds (Trefry, 1990)

Community and HydrogeologiC Setting Palm Beach
County, In southeastern Flonda, Includes 25 county and
mUniCipal governments and 30 water utilities ApproxI
mately 80 percent of the potable water supply comes
from ground water Withdrawals of ground water are
regulated by the multi-county South Flonda Water Man
agement Dlstnct Most ground water In the county
comes from a shallow unconfined aqUifer system Forty
two wellflelds, each permitted for Withdrawals of
100,000 gallons per day or more, serve Incorporated
and unincorporated portions of the county These well
fields Include a total of 445 eXisting and proposed wells

Wellhead Protection Area Delineation Methods The
US Geological Survey's MODFLOW numencal model
was used to delineate four zones around each wellfleld
(1) the land area around the wellhead/field bounded by
the 30-day time of travel Isochron, (2) the area Included

?wlthln the 30-day and 210-day time of travel Isochron,
(3) the area between the 210-day and 500-day Isochron,
and (4) the area Within the 1-100t drawdown contour line
Zones for each wellfleld are penodlcally reViewed and
revised, If necessary

Contaminant Sources The use, handling, production,
and storage of hazardous and tOXIC matenals assocI
ated With commercial and Industnal actIVIties are the
main contaminant sources of concern In the county

Wellhead Protection Area Management Methods In
Apnl 1985, the South Flonda Water Management Dls
tnct Informed Palm Beach County that a request for an
Increase In ItS water consumption permit would not be
granted until a wellhead protection ordinance was de
veloped That same month a Water Resources Manage
ment AdVISOry Board was created by the Board of
County Commissioners, which In tum created a Well
field Protection Ordinance Subcommittee to draft an
ordinance The ordinance was passed In early 1988
The ordInance requires a permit for the use, handling,
production, and storage of regulated tOXIC substances
Different reqUirements apply dependIng on the wellhead
protection zone (see above for definitions of the limits of
the four zones) In general, Zone 1 IS an area of prohi
bition, Zones 2 and 3 reqUire secondary contaInment to
obtain a permit, and dally momtonng of chemicals IS
reqUired In Zone 4 '

Initial Implementation of the ordinance resulted In Iden
tification of a total of 3,550,000 gallons of regulated
substances, and 118 pollutant storage tanks that reqUire
secondary containment and momtonng or removal from
Zones 1, 2, and 3 Difficulties In Implementing the ordi
nance Include (1) actiVities and information must be
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coordinated with the large number of utilities (30) and
local governmental units (25), (2) wellfleld mapping has
been hampered by constantly changmg locations of ex
Isting, proposed, and previously unidentified wells, (3)
staff Is overloaded in dealing with permit review and
enforcement; and (4) facilities have had difficulty obtam
ing bonding for their operations

10.2.4 Clinton Township, New Jersey:
A Limestone Aquifer Protection
Ordinance

Clinton Township Illustrates the use of technically based
land use controls to protect areas of the township un
derlain by vulnerable carbonate aqUifers EmphasIs IS
on controlling development In all vulnerable areas, not
just wellhead areas (Fischer et al , 1991a&b)

Community and Hydrogeologic Setting The Town
ship of Clinton, Hunterdon County, m northwestern New
Jersey, was pnmanly an agncultural area m the 1970s
but In recent years has been targeted by state planning
agencies and development mterests as a pnme growth
area for urban development The township relies upon
ground water as the source of all ItS drinking, agncul
tural, and industnal water The township IS located upon
a PaleOZOIC outlier Within the New Jersey Highlands
physiographiC province, and about 15 percent of the
township IS underlain by solution-prone, folded and
faulted Cambro-OrdovIcian carbonates In addition to
being highly vulnerable to contammatlon, the potential
for foundation failure or Sinkhole formation below poten
tial contammants must be considered

Wellhead Protection Area Delineation Methods Ex
Isting detailed geologiC maps delineated areas of car
bonate rock In the township where the "limestone"
ordinance discussed below applied

Contaminant Sources SpeCific contammant sources
were not Identified In the source case study, although
the potential for Sinkhole formation under hazardous
material storage or use areas were Identified as a spe
cial concern With the carbonate rocks

Wellhead Protection Area Management Methods Of
ficials In Clinton Township had the foresight to Initiate a
process that would protect ground water supplies With
out eliminating the mevltable urban development that
was occurring In the Township In the fall of 1987, the
Township ordered a 150-day moratonum on develop
ment in carbonate rock areas Geologists With the state
prOVIded the necessary information for delineating the
moratorium areas A committee of lay and technical
people was immediately convened to draft an ordmance
that would protect ground water supplies In the carbon
ate areas The "limestone" committee Include repre
sentatives from the local watershed aSSOCiation, the
Township Engineers Office, the Township Sanitary Engl-
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neers Office, the New Jersey Geological Survey, the
New Jersey Department of EnVironmental Protection,
The County Health Department, the Town Councils, and
a geological engineer With expenence m investigation
and construction In karst terrane An attorney who was
expenenced In state land laws reviewed the final com
mittee drafts of an ordinance and converted what was
pnmanly a technical document Into a defendable legal
document

In May 1988 two ordinances were passed (1) an ena
bling ordmance settmg forth the reasons regulatory con
trols were reqUired In the carbonate areas of the
townShip to protect public health, welfare, and safety,
and (2) a "limestone" ordinance that established proce
dures for ensunng that any proposed construction pro
Ject would only be approved If protection of ground water
quality could be ensured The ordinance established a
phased Investlgatton process that prOVides the applicant
for a construction permit to cancel a project If the prob
lems seem Insurmountable at an early stage For each
phase of investigation and deSign, the ordinance pro
Vides speCific requirements or suggested methods of
inVestigation, as well as indicating preferred and alter
nate procedures As of 1991, the ordinance had With
stood legal challenge by a developer, and resulted m
several developments bemg either canceled or Signifi
cantly altered m order to protect ground water quality In
the carbonate areas of the townShip

10.2.5 Nantucket Island, Massachusetts:
Implementation ofa Comprehensive
Water Resources Management Plan

Nantucket Island Illustrates how a zoned approach to
ground water protection combmed With regulatory con
trols targeted at major contaminants of concern can
protect both public wellhead areas and more dispersed
pnvately owned water wells (Horsley, 1990)

Commumty and HydrogeologiC Setting The Island of
Nantucket, south of Cape Cod, Massachusetts, covers
an area of 40 square miles A shallow glaCial sand and
gravel aqUifer serves as the only source of dnnkmg
water for ItS 7,400 year-round reSidents and 32,000
summer VISitors Two major public supply wellflelds and
about 3,500 pnvate wells tap the aqUifer The water table
IS at or near the surface m the VICInity of ponds and
streams and IS as much as 100 feet below the surface
In central portions of the Island Typically ground water
IS Within 10 to 20 feet of the surface Hydraulic conduc
tiVities as high as 970 feet/day have been measured

Wellhead Protection Area Delineation Methods The
TheiS nonequlllbnum equation (Section 4 5 3) and flow
net analySIS were used to delineate the zone of contn
butlon to the Siasconset wellfleld (Figure 10-4) and a
Simplified fixed radiUS approach was used for the Wan-
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Figure 10-4 Water resource protection districts, southeastern Nantucket Island, Massachusetts (Horsley, 1990)
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WR1 WR2 WR3 WR4

Table 10-1 Regulated Land Uses, Water Resource Protection
Zones, Nantuckellsland, Massachusetts
(Horsley, 1990)

P P SP SP

P P SP SP

P P SP SP

P P P SP

P P SP SP

P P P SP

P P P SP

P P SP SP

200 feet Current water levels In some wells have
dropped more than 100 feet compared to levels In 1940

Wellhead Protection Area Delineation Methods The
Pima ASSOCiation of Governments (PAG) IS developing
a system for ground water vulnerability mapping based
on the hydrogeologiC factors that are most closely cor
related With contamination of eXisting wells (see below)

Contaminant Sources Forty-four contaminated publlc
supply wells were IdentifIed In Pima County, the major
contaminants were volatile organrc compounds (VOCs),
petroleum products and additives, and nitrate Landfills
and unrestncted discharges of liqUid waste from mdus
tnal areas were the most slgnrflcant known sources of
the VOC contamination Petroleum contamination was
traced to a leaking underground pipeline and leaking

SP

SP

SP

SP

SP

SP

P

P

P

SP

P

SP

P

P

P

P

P

P

P

P = Prohibited, SP = SpeCial permit reqUired

Sanitary landfills

Junk yards, salvage yards

MUnicipal sewage
treatment facilities With
on-site disposal of primary
or secondary treated
effluent

Car and truck washes

Road salt stockpiles

Dry cleaning
establishments, COin or
commercial laundries

Motor vehicle and boat
service and repair facilities
Including body shops

Metal plating establishments

Chemical and
bacteriological laboratOries

Trucking or bus terminals

Any use which Involves as
a prinCipal actIVIty the
manufacture, storage, use,
transporatlon, or disposal
of toxic or hazardous
materials

Any use which Involves the P
use of tOXIC and hazardous
matenals In quantities
greater than those
asSOCiated With normal
household use

ReSidential development at P P
denSities exceeding those
stated in Section E of thiS
bylaw

Golf courses P SP

10.2.6 Tucson Basin, Arizona: Regional
Wellhead Protection in an Urbanized
Arid Environment

nacomet wellfield Water table maps were used to de
lineate identify aqUifer recharge areas on the Island

Contaminant Sources Septic systems, used by 60
percent of Nantuckefs reSidents for wastewater dis
posal, are the most common contamination source Po
tential sources of contamination mclude two landfills,
four active farms, extensive cranberry bogs, three golf
courses, eight hazardous waste Sites, 400 underground
fuel storage systems, two sewage treatment plants, and
numerous businesses that use tOXIC and hazardous ma
terials. Salt water Intrusion IS a problem In many pnvate
wells located near the island's shoreline

Wellhead Protection Area Management Methods
The water resource management plan for Nantucket
Involved the delineation of four cntlcal water resources
protection zones Recommended land use controls in
cluded (1) a four-tiered water resources overlay zomng
bylaw, (2) health regUlations IImltmg sewage flow per lot
size based on mtrogen loading, (3) a 300-lot separation
between private wells and septiC systems, (4) a regula
tion requirrng registration and mspectlOn of bUSinesses
using toxic and hazardous matenals, (5) an effluent
limitation of 5 mg/L for new projects proposing sewage
discharges exceeding 2,000 gallons/day, and (6) a wet
lands bylaw addressing the predicted hydrologiC Im
pacts of sea level rise Figure 10-4 Illustrates the four
water resource protection dlstncts delineated In the SI
asconset area, and Table 10-1 Identifies regulated land
uses Within each district

The Tucson BaSin Illustrates how an association of local
governments wlthm a Single county used a study of
already contaminated wells to develop a regional ap
proach of ground water protection (Pima ASSOCiation of
Governments, 1992)

Communityand Hydrogeologic Setting Pima County
in southern Arizona IS located In the BaSin and Range
physiographic province, which IS charactenzed by north
west-trending mountam ranges separated by allUVial
baSins. The climate IS and to semi-and Most of the
population In the county m concentrated In the Tucson
basin, which has no significant sources of natural, per
ennial surface water In its urbanized areas The Tucson
metropolitan area relies entirely on ground water for
agricultural, Industnal, and dnnkmg water, which IS
drawn from three major Pleistocene- to Tertiary-age al
luvIal units In 1980, ground water pumpage was about
200,000 acre-feetlyear, diVided equally between indus
trial, agricultural, and public supply In 1989, depths to
water in the Tucson basin generally ranged between 50
and 300 feet below land surface and averaged around
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underground storage tanks Irrigated agriculture, sew
age treatment plants, and septic systems were Identified
as the likely sources of nitrate contamination In general,
the wells were not adjacent to the pollution sources

Wellhead Protection Area Management Methods
PAG evaluated various wellhead protection strategies
based on hydrogeologic and land use mformatlon re
lated to the contaminated wells PAG concluded that
strategies that focused on establishing WHIPAs around
mdlVldual wells, whether they were based on an arbi
trary fixed radiUS or a time of travel criterion, were
meffectlve and Impractical ThiS conclUSion was based
primarily on the finding that the pollution sources for
most of the contaminated wells were more than a mile
away The high denSity of wells m the Tucson area also
makes a well-by-well delineation strategy chfflcult The
most Significant factors In evaluatmg a well's suscepti
bility to contamination were (1) prOXimity to a major
recharge source, (2) shallow or perched ground water,
and (3) the presence of upgradlent land uses that might
contribute contammants PAG has developed a strategy

of delineating regional WHPAs to protect the areas m
Pima County that are most susceptible to ground water
contamination (I e , recharge zones and areas With shal
low or perched ground water) High-risk land uses would
be excluded from undeveloped, senSitive areas through
planmng and zomng ordinances and land acquIsition
programs No new regulatory programs were recom
mended, but eXisting regulatory programs would be
modified to prOVide additional protection and mcreased
momtorlng In the regional WHPAs

10.3 Sources of Additional Information
on Case Studies

Table 10-2 summarizes information on case studies ad
dreSSing ground water or wellhead protection mother
publications that contam multiple case studies Table
10-3 prOVides an Index of IndiVidual case studies by
state, and also Identifies case studies In karst areas

Table 10-2 Summary Informabon on Case Studies In other Sources on Ground Water and Wellhead Protectlon*

Reference Description of Case Studies
,

Born et at (1988)

Bradbury et al (1991)

KrelUer and Senger
(1991)

Maryland Department of
the EnVironment (1991)

US EPA (1987)

US EPA (1993)

Case studies on the development of wellhead protection dIStricts for SIX commUnities m Wisconsm
(Whltmg, Seymour, Rib Mountam, Eagle River, Tomah, and Mazomanie) Hydrogeologic settings included
unconfined sand-and-gravel aqUifers, and unconfmed and semlconfmed sandstone aqUifers Wellhead
delineation methods Included hydrogeologiC mappmg, analytical models (cone of depreSSion), and time of
travel calculations

Two detailed case studies on WHPA delineation In fractured rock aqUifers (1) Junction City, WisconSin
(wells In clayey residuum over metavolcaniC rock, and (2) Sevastopol test Site, Door County, WisconSin
(well In reSidual solis over fractured dolomite aqUIfer) Delineation methods mcluded water table mappmg,
aqUIfer tests, Isotope analySIS, and numerical computer modeling

Detailed case studies on WHPA delineation In confined sandstone aqUifers In the Gulf Coast Sedimentary
BaSin for the towns of Bastrop and Wharton, Texas Delineation methods Included hydrogeologiC and
hydrochemical mapping, the cylinder method, Simple analytical methods, and semlanalytlcal and numerical
computer modeling

Chapter 6 contains C~1Se studies of wellhead protection area delineation for SIX commul1ltles In Maryland
Includmg the follOWing hydrogeologiC Units coastal plain semi-confined aqUIfer, coastal plam unconfmed
aqUIfer, central Maryl~lI1d sedimentary rock aqUifer, Piedmont crystallme rock aqUifer, and carbonate rock
aqUIfer

AppendiX A prOVides examples of application of WHPA delineation methods for FlOrida and Dade County,
Flonda, Massachusetts, Vermont, The Netherlands, and Germany AppendiX B contams four detailed case
studies companng different delineation methods (1) Cape Cod, Massachusetts, (2) southern Flonda, (3)
central Colorado, and (4) southwestern Connecticut

Four case studies (1;1 Hili, New Hampshire (WHPA delineated In sandy glaCial till aquifer over crystalline
rocks uSing uniform flow equation), (2) Cottage Grove, WisconSin (WHPA delineated for sandstone aqUIfer
uSing the WHPA code), (3) Enid, Oklahoma (WHPA delineated for wellhead m an allUVial aqUifer uSing
hydrogeologiC mapping, semlanalytlcal methods, and computer modeling), (4) Descanso Community Water
DiStriCt, California (Wl-IPA delmeated In weathered regolith over metamorphiC and granitic bedrock uSing
water table map, analytical methods, flow net analySIS, and time of travel calculations)
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Table 10-3 Index to case Stuely References on Ground Water and Wellhead Protection*

Topic References

Slates Anzona Pima ASSOcIation of Governments (1992), CalifornIa Horsely WItten Hegemann, Inc (1991), Lewcock
(1987), Zidar (1990), ConnectIcut Miller et aI (1992), Delaware Kerzner (1990a, 1990b), Yancheskl (1992),
Yancheski et aI (1990), illinOIs Adams et al (1992), Wehrmann and Varljen (1990)"", IndIana Parrett (1986),
FlorIda Trefry (1990)"", Walters (1987), Kentucky Sendlein (1991), MaIne Marler (1991), Tolman et al (1991),
Mary/and Maryland Department of the EnVIronment (1991), Massachusetts Brandon et al (1992), Heeley et al
(1992), Horsley (1990)"", Moore et al (1990a), Nelson and Witten (1990), Nickerson (1986), Palyand Steppacher
(undated), Ram and SCwharz (1987), Steppacher (1988), MIchIgan Dean (1988), Mlssoun Moore et al (1990b),
New Jersey Fischer et aI (1991 a, 1991bY", Heeley et aI (1992), Page (1987b, 1987c), New York Koppelman
(1987), OhIO Balr and Roadcap (1992), Balr et al (1991a, 1991b), Roadcap and Balr (1990), Springer and Balr
(1990,1992), Weatherington-Rice and Hottman (1990), Pennsylvama Emrich and LUitweller (1990)"", Texas Butler
(1987), Cross (1990), Cross and Schulze (1988), Rlfal et al (1993), Vermont Toch (1991), Washington Randall
and Brown (1987), Wisconsin Born et al (1988), Osborne and Sorenson (1990), Osborne et al (1989), Page
(1987a), Potter (1984), zaporzec (1985), UnspecIfied Caswell (1993-New England), Other Countnes Roeper
(1990-canada)

Karst Emrich and Luitweiler (1990)**, Fischer et al (1991a, 1991b)"", Moore et aI (1990b), SendIeIn (1991)

GIS See Table 5-8

Computer Models See Table 6-6

* See also Thble 6-6 for case studIes Indexed according to computer model use
.. case stuely written up In this chapter

10.4 References*
Adams, S , et al 1992 illinois Groundwater Protection Program Pilot

Groundwater Protection Needs Assessment for Pekin Public Water
Supply Facility Number 1795040 DWlsion of Public Water Sup
plies, illinois Environmental Protection Agency, Springfield, IL
[GIS]

Balr, E S and G S Roadcap 1992 Comparison of Flow Models
Used to Delineate Capture Zones of Wells 1 Leaky-Confined
Fraeturad-carbonate AqUifer Ground Water 30(2) 199-211
[CAPZONElGWPATH, DREAMlRESSQC, MODFLOW/MOD-
PATH, Ohio]

Ball', E S , C M Sagreed, and E A. Stasny 1991a A Monte Carlo
Based Approach for Determining Traveltime-Related Capture
Zones of Wells Using Convex Hulls as Confidence Regions
Ground Water 29(6) 849-861 [CAPZONElGWPATH, Sandstone
aqUifer, Ohio]

Ball', E S , A.E. Springer, and G S Roadcap 1991b Delineation of
Traveltime-Related Capture Areas of Wells USing Analytical Flow
Models and Particle-Tracking Analysis Ground Water 29(3) 387
397 [CAPZONElGWPATH, confined/unconfined stratIfied-drift
aqUifer and leaky-oonflned fractured carbonate aqUifer, Ohio]

Born, S M ,D.A Yanggen, A R Czecholinksl, R J Tierney, and R G
Henning 1988 Wellhead Protection DistrICts In WisconSin An
Analysis and Test Applications SpeCial Report 10 Wisconsin Geo
logical And NahNal History SUNey, Madison, WI, 75 pp

Bradbury, K R, MA Muldoon, A zaporozec, and J Levy 1991
Delineation of Wellhead Protection Areas In Fractured Rocks
EPA/57019-91-Q09, 144 pp Available from ODW." [May also be
cited with Wisconsin Geological and Natural History SUNey as
author]

Brandon, FO, PB Corcoran, and J L Yeo 1992 Protection of Local
Water Supplies by a Regional Water Supplier Ground Water Man
agement 13 525-538 ([8th] Focus Conf Eastern GW Issues) [GIS,
Massachusetts)

Butler, KS 1987 Urban Growth Management and Groundwater Pro
tection Austin, Texas In Planning for Groundwater ProtectIon,
G W Page (ad), Academic Press, Orlando, FL, pp 261-288

caswell, B 1993 Evolution of a Wellhead Protection Area Water
Well Journal 48(3) 35-38 [Glacial flUVial depOSIts In New England]
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Cross, B L 1990 A Ground Water Protection Strategy The City of
EI Paso Texas Water CommiSSion, Austin, TX

Cross, BLand J Schulze 1989 City of Hurst (A PublIC Water
Supply Protection Strategy) Texas Water CommiSSion, Austin, TX

Dean, L F 1988 Local Government Regulations for Groundwater
Protection Michigan Case Examples In Policy Planning and Re
source Protection A Groundwater Conference for the Midwest,
Institute for Water SCiences, Western MichIgan UniverSity, Kala
mazoo, MI, pp 143-150

Emrich, G Hand P LUltweller 1990 Ground Water Impairment from
Lack of Wellhead Protection A Water Utility's Response Ground
Water Management 1 641-652 (Proc of the 1990 Clusler of Con
ferences Ground Water Management and Wellhead Protection)
[Dolomite aqUifer, Pennsylvania]

Fischer, J A, R J Canace, and D H Monteverde 1991a Karst Ge
ology and Ground Water Protection Law Ground Water Manage
ment 10653-666 (Proc 3rd Conf on Hydrogeology, Ecology,
MOnltonng and Management of Ground Water in Karst Terranes)
[Hunterdon County, NJ]

Fischer, J A ,J Fischer, and H Lechner 1991 b Clinton TownshIp,
New Jersey Ground-Water Protection Ground Water Management
7477-491 (Proc Focus Conf on Eastern Regional Ground-Water
Issues) [Karst]

Heeley, R W, K Exarhoulakos, D F Reed and J A Fischer 1992
Bedrock/Overburden Interaction Reflected In Well Head Protection
Delineations In Ground Water Management 13 605-617 (Proc of
Focus Conf on Eastern Regional Ground Water Issues) [Frac
tured sedimentary rock, Massachusetts and New Jersey, MOD
FLOW]

Horsley, S 1990 Water Resource Management Plan for Nantucket
Island, Massachusetts-A Case StUdy Ground Water Manage
ment 3 3-20 (Proc Focus Conf on Eastern Regional Ground
Water Issues)

Horsley Witten Hegemann, Inc 1991 A Case StUdy in Wellhead
Protection for Local Governments Prepared for U S EnViron
mental Protection Agency RegIon 9, San FranCISCo, CA [Des
canso, San Diego County, California]



Kerzner, S 1990a EPA/Local Partnership at Work C~round Water
Management 3 83-96 (Proc Focus Conf on Eastern Regional
Ground Water Issues) [GIS, New Castle County, DE]

Kerzner, S 1990b An EPA/Local Partnership at Work- The Creation
of a Ground Water Protection Program Ground Wliter Manage
ment 1 545-557 (Proc of the 1990 Cluster of Conferences Ground
Water Management and Wellhead Protection) [GIS, New Castle
County, DE]

Koppelman, L E 1987 Long Island Case Study In Planning for
Groundwater Protection, G W Page (ed ), AcademIc Press, Or
lando, FL, pp 157·204

Kreltler:C Wand R K Senger 1991 Wellhead Protection Strategies
for Confined-AqUIfer Settings EPA/570/9-91-008, 168 pp AvaIl
able from Dnnklng Water Hotline

Lewcock, T 1987 Santa Clara Valley (SIlicon Valley), California, Case
Study In Planmng for Groundwater Protection, G W Page (ed ),
Academic Press, Orlando, FL, pp 299-324

Marler, L 1991 The Maine Wellhead Protection Proglam Chelsea,
Maine A Case Study In CooperatIVe Effort Ground Water Man
agement 7 509-522 (Proc Focus Conf on Eastern Regional
~round- Water Issues)

Maryland Department of the EnVironment 1991 Wellhead Protection
Training Manual Water Supply Program, Maryland Department of
the Environment [Focus on wellhead delineation methods WIth
results of SIX demonstration projects representing different hydro
geologic regions In Maryland]

Miller, A B, J E Diercks, and R P Schreiber 1992 Implementing
Connecticut's New Groundwater Mapping and Protection Regula
tions at a Major Wellfleld on the Connecticut RIver Ground Water
Management 13473-487 ([8th] Focus Conf Eastern GW Issues)

Moore, B A , A H Cathcart, and S C Danos 1990a Littleton, Mas
sachusetts' Wellhead Protection and Monltonng Strategy Ground
Water Management 347-67 (Proc Focus Conf on Eastern Re
gional Ground Water Issues) [GlaCial depOSits over Igneous and
metamorphiC rocks]

Moore, B A ,J T Witherspoon, L L Bullard, T J Aley, and J K Rosen
feld 1990b Strategy for Delineation and Detection MOnltonng of
the FUlbnght Spnnghead Protection Area, SpnngfiE'ld, MISSOUri
Ground Water Management 1 447-461 (Proc of the 1990 Cluster
of Conferences Ground Water Management and Wellhead Pro
tection) [Karst aqUifer]

Nelson, M E and J D Witten 1990 Delineation of a Wellhead Pro
tection Area In a Semi-Confined AqUifer Manchester, Massachu
setts Ground Water Management 331-45 (Proc Focus Conf on
Eastern Regional Ground Water Issues)

Nickerson, S 1986 Local PartiCipation In RegIonal Ground Water
Management A Cape Code Example In Proc Nat Symp on
Local Government Options for Ground Water Pollution Control,
University of Oklahoma, Norman, OK, pp 242-243

Osborne, T J and J L Sorenson 1990 Wellhead Protection In Wis
consin case Studies of the Town of Weston and City of WisconSin
Rapids Ground Water Management 1 479-495 (Proc of the 1990
Cluster of Conferences Ground Water Management and Wellhead
Protection) [AllUVial aqUifers over Igneous and metamorphiC
rocks]

Osborne, T J J L Sorenson, M R Knaack, 0 J Mechenlch, and M J
TraVIS 1989 DeSigns for Wellhead Protection In Central Wiscon
sin - Case Studies In the Town of Weston and City I:>f WisconSin
Rapids Central WisconSin, Groundwater center, Stevens POint,
WI, 95 pp

Page, G W 1987a Wausau, WIsconsin, Case StUdy In Planning for
Groundwater Protection, G W Page (ed), AcademiC Press, Or
lando, FL, pp 241-260

Page, G W 1987b Perth Amboy, New Jersey, Case Studies In
Planning for Groundwater Protection, G W Page (ed), Academic
Press, Orlando, FL, pp 289·298

Page, G W 1987c South Brunswick, New Jersey, Case StUdy In
Planning for Groundwater Protection, G W Page (ed), Academic
Press, Orlando, FL, pp 325-340

Paly, M and L Steppacher Undated Compamon Workbook for The
Power to Protect Three Stories About Groundwater Massachu
setts Audubon SOCiety, Lincoln, MA, 37 pp Other sponsors In
clude U S EnVironmental Protection Agency and New England
Interstate Water Pollution Control CommiSSion [Workbook for 32
minute Video]

Parrett, C L 1986 Marlon County, Indiana Dealing with Ground
Water Protection In Proc Nat Symp on Local Government Op
tions for Ground Water Pollution Control, UnIVerSity of Oklahoma,
Norman, OK

Plm~ ASSOCiation of Governments 1992 Application of HistOriC Well
Closure Information for Protection of EXisting Wells, Final Techni
cal Report Prepared for U S EnVironmental Protection Agency

Potter, J 1984 Local Ground-Water Protection A Sampler of Ap
proaches Used by Local Governments Mlsc Paper 84-2 Wiscon
sin Geological and Natural History Survey, Madison, Wi, 17 pp

Ram, B J and HE Schwarz 1987 Bedford, Massachusetts, Case
StUdy In Planmng for Groundwater Protection, G W Page (ed ),
AcademiC Press, Orlando, FL, pp 341-369

Randall, J Hand S M Brown 1987 Aquifer Protectlon-One Wash
Ington City'S Experience In Proc Focus Conf on Northwestern
Ground Water Issues (Portland, OR), National Water Well Asso
Ciation, Dublin, OH

Roadcap, G Sand E S Balr 1990 Delineation of Wellhead Protec
tion Areas In Semlconfined AqUifers USing Semlanalytlcal Meth
ods Ground Water Management 1 399-412 (Proc of the 1990
Cluster of Conferences Ground Water Management and Wellhead
Protection) [Fractured dolomite aqUifer, RiChwood, OhiO]

Roeper U V R 1990 Development of an AqUIfer Management Plan
In a Complex GlaCial Setting-Regina, Canada Ground Water
Management 1 685-693 (Proc of the 1990 Cluster of Confer
ences Ground Water Management and Wellhead Protection)

Sendleln, L V A 1991 AnalySIS of DRASTIC and Wellhead Protection
Methods Applied to a Karst Setting Ground Water Management
10 669-683 (Proc 3rd Conf on Hydrogeology, Ecology, MOnitoring
and Management of Ground Water In Karst Terranes) [Fayette
County, I<Y]

Springer, A E and E S Balr 1990 The EffectIVeness of Semlanalytl
cal Methods for Delineating Wellfleld Protection Areas In Stratlfled
Dnft, BUried Valley AqUifers Ground Water Management
1413-429 (Proc of the 1990 Cluster of Conferences Ground
Water Management and Wellhead Protection) [Wooster, OhiO]

Springer, A E and E S Balr 1992 Comparison of Methods Used to
Delineate Capture Zones of Wells 2 Stratlfled-Dnft Buned-Valley
AqUifer Ground Water 30(6) 908-917 [CAPZONElGWPATH,
DREAM/RESSaC, MODFLOWIMODPATH, OhiO]

Steppacher, L (ed) 1988 DemonstratIon of a GeographiC Informa
tion System for Ground Water Protection The Cape Cod Aquifer
Management Project (CCAMP) EPA/901/3-88-005, U S EPA Re
gion 1, Boston, MA
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Toch, S L 1991 A Balanea Between Conservation and Development
Watershed Management In Rural Vermonl Ground Water Man
agement 7457-464 (Proc Focus Conf on Eastern Regional
Groood-Water Issues)

Tolman, AL, KM Bither, and R G Gerber 1991 Technical and
Political Processes in Wellhead Protection Ground Water Man
agement 7401-413 (Proc Focus Conf on Eastern Regional
Ground- Water Issues) [Central Maine]

Trefry, A 1990 History and Summary of the Wellfield Protection
Ordinance, Palm Beach Country, Florida Ground Water Manage
ment 1 559-563 (Proc of the 1990 Cluster of Conferences Ground
Water Management and Wellhead Protection) [MODFLOW].

U S Environmental Protection Agency (EPA) 1987 GUidelines for
Delineation of Wellhead Protection Areas EPAl440!6-87-010
(NTIS PB88-111430) [R Hoffer may also be Cited as author]

U.S EllVll'onmental Protection Agency (EPA) 1993 Wellhead Pro
tection A Guide for Small Communities Seminar Publication
EPAI62SJR-93-Q02 (NTIS PB93-215580) Available from ORD
Publications, U S EPA Center for Environmental Research Infor
matlon, PO Box 19963, Cincinnati, OH, 45268-0963 513/569
7562 •

Waltors, R R 1987 Dade County, Florida, Case Study In Planning
for Groundwater Protection, G W Page (ed), AcademiC Press,
Orlando, Flo PP 205-240

weatherlngton-Rlee, J and A Hottman 1990 Beyond a State
GrOlKld-Water Protection Strategy- Where Do We Go From Here?
Groood Water Management 1529-544 (Proc of the 1990 Cluster
of Conferences Ground Water Management and Wellhead Pro
tection) [OhIo case study]
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Wehrmann, H A and M D Varljen 1990 A Comparison Between
Regulated Setback Zones and Estimated Recharge Areas Around
Several MUniCipal Wells in Rockford, IL Ground Water Manage
ment 1 497-511 (Proc of the 1990 Cluster of Conferences Ground
Water Management and Wellhead Protection) [GlaCial outwash]

Yancheskl, TB 1992 The Impacts of a New Ground Water Protection
Ordinance on Development In Northern Delaware Yet Another
New Experience for Developersl Ground Water Management
13513-524 ([8th] Focus Conf Eastern GW Issues)

Yancheskl, TB, C A Burns, and J G Charma 1990 Development
With ConSideration for Ground-Water Resource and Wellhead Pro
tection It Can Be Donel Ground Water Management 1 625-639
(Proc of the 1990 Cluster of Conferences Ground Water Man
agement and Wellhead Protection) [Sand and gravel aqUifer, New
Castle County, Delaware]

ZSporozec, A (ed) 1985 Groundwater Protection Principles and
Alternatives for Rock County, Wisconsin Special Report 8 Wis
consin Geological and Natural History Survey, Madison, WI, 57
pp

Zidar, M 1990 Designing Monitonng Strategies for Well Head Pro
tection In Confined to Semi-Confined AqUifers Case Study in the
Salinas Valley, California Ground Water Management 1 513-527
(Proc of the 1990 Cluster of Conferences Ground Water Man
agement and Wellhead Protection) [GIS]

* See Introduction for Information on how to obtain documents



Appendix A
Additional Reference Sources

This appendix Identifies major reference sources for the
following four areas

1 Hydrology, hydrogeology, and hydraulics (Table A-1)

2 Karst geology, geomorphology, and hydrology (Table
A-2)

3 Geographic Information systems (Tabl19s A-3 and
A-4)
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4 Chemical hazard exposure and risk assessment (Ta
bleA-5)

The references for each subject area follow tile table(s)
that Identify the major subject areas covered by the
references



Tablo A·1. Index to Major References on Hydrology, Hydrogeology, and Hydraulics·

Topic

Water ResourceslHydrology

Hydrogeology

ChamlcaVContamlnant
Hydrogeology

Pumping Tests"

Hydraulics'·

References

Bras (1990), Bowen (1982), Branson et al (1981), Chow (1964), Chow at al (1988), Downing and
Wilkinson (1992), Dunne and Leopold (1978), Gray (1973), Gngg (1985), Kazmann (1988), Leopold and
Langbein (1960), Lmsley et al (1949), Maldment (1993), Meinzer (1942), Shaw (1988), Tebutt (1973),
Todd (1970), van der Leeden et aI (1990), Vlessman et al (1977), Wisler and Brater (1959),
Engmeerlng ASCE (1952), Butler (1957), Linsley et al (1958), Linsley and FranzlOl (1972), Skeat (1969)

Bibliography/Glossary Lohman et al (1972), Pfannkuch (1969), van der Leeden et al (1991),
Introductory AWWA (1989), BaldWIn and McGuiness (1963), Barton at al (1985), Heath (1980, 1983),
Heath and Trainer (1981), Mills et aI (~985), Rau (1970), RedWIne et al 1991), US EPA (1985, 1990),
Intermediate-Advanced Bouwer (1978), Bowen (1980), Cooley et al (1972), Custodio and Llama (1975),
DavIs and DeWiest (1966), Driscoll (1986), Fetter (1980), Freeze and Cherry (1979), Gelher (1993),
Johnson (1966), KJlmentov (1983), Kovacs et al (1981), Matthess (1982), McWhorter and Sunada
(1981), Raghunath (1982), Todd (1980), Tolman (1937), Investigations Brassington (1988), Brown et aI
(1983), Erdelyi and Galfl (1988), Mandei and Shlfton (1981), US Geological Survey (1980), Walton
(1970), Ground Water Engmeerlng De Marslly (1986), Hunt (1983), Kashef (1986), Rethati (1984),
Walton (1991), Edited Volumes Back and Stephenson (1979), IAH (1985), IAHS (1967), Jones and
Laenen (1992), Moore et al (1989, 1991), Saleem (1976), Zaporozec (1990)

See Table 1-2

Bentall (1963a,b), Bouwer (1978), Brown et al (1983), Bureau of Reclamation (1981), Clarke (1988),
Dawson and Istok (1991), Dnscoll (1986), Earlougher (1977), Ferns et al (1962), Johnson and Richter
(1966), Kruseman and de Ridder (1990), Lohman (1972), Stallman (1971), Streltsova (1989), US
Geological Survey (1980), US EPA (1991), Walton (1962, 1979, 1987), Wenzel (1942)

Ground Water Flow Bear (1979), Bennett (1976), Bureau of Reclamation (1960, 1981), Campbell and
Lehr (1973), Chapman (1981), Daly (1984-f1ow lines), DeWiest (1965), Edelman (1983), Freeze and
Witherspoon (1967), Glover (1964, 1974), Halek and Svec (1979), Hantush (1964), Hubbert (1940,
1969), Hunt (1983), Jacob (1950), Lohman (1972), De Marslly (1986), McWhorter and Sunada (1981),
Peterson et al (1952), RandklVl and Callender (1976), Rosensheln and Bennett (1984), Strack (1989),
US EPA (1986-flow lines), Verruljt (1970), ZIJI and Nawalany (1993), Porous Media Flow Bear (1972),
Bear and Corapcluglu (1987), Brooks and Corey (1964), Collins (1961), Corey (1977-heterogenous
flUids), Cushman and Hall (1991), Dagan (1989), DeWiest (1966), Dullien (1979), Greenkorn (1983),
IAHR (1972), Milne-thompson (1968), Muskat (1937), Scheidegger (1960), White (1974), Engineering
Hydraulics Colt Industries (1974), Dodge and Thompson (1937), Hauser (1991), Lencastre (1987),
Rouse (1950), Simon (1976), Dramage/Seepage Bear et al (1968), Bureau of Reclamation (1968),
Cedergren (1989), Harr (1977), Luthln (1973), Manno and Luthin (1982), Powers (1992), Rushton and
Redshaw (1979)

.. See Table A-2 for Index of major references on karst geology, geomorphology, and hydrology

., References listed under hydrogeology Will also cover hydraulics and pumpmg tests

Table A·1 References*

American Society of Civil Engineers (ASCE) 1952 Hydrology Hand
boolc. Manual of Engineering Practice No 28 ASCE, New York

American Waler Works Association (AWWA) 1989 Ground Water
Manual MP21 Denver, CO, 160 pp

Back, Wand D.A Stephenson (eds) 1979 Contemporary Hydro
goology Elsevier, New York

Baldwin. H L and C L McGuIness 1963 A Primer on Ground Water
U S Geological Survey, WashIngton, DC, 25 pp

Barton, Jr, A R et al 1985 Groundwater Manual for the Electnc
Ubllty Industry, Vol 1 Geological Formations and Groundwater
Aqulfsrn, 1st ad EPRI CS·3901 Electric Power Research Institute,
Palo Alto, CA. [See also RedwIne et aI (1991)]

Bear, J 1972. Dynamics of Flow In Porous Media ElseVier, New
York, 764 pp (Reissued in paperback in 1988 by Dover Publlca
Uons, Mineola, NY)

Bear, J 1979. Hydraulics of Groundwater McGraw-Hill, New York,
567pp

Bear, J, 0 Zezlavsky, and S Irmay 1968 PhYSical PrinCiples of
Water Percolallon and Seepage Arid Zone Research, Vol 29,
UNESCO, Pans, 465 pp
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Bear, J and MY CorapCluglu (eds) 1987 Advances m Transport
Phenomena in Porous Media NATO Advanced Studies Institutes
Senes E, Vol 128 Martmus NiJhoft Publishers, Dordrecht, The
Netherlands

Bennett, G 0 1976 Introduction to Ground-Water HydraUlics A Pro
grammed Text for Self-Instruction U S Geological Survey Tech
mques of Water Resources Investigations TWRI 3-B2

Bentall, R (ed) 1963a Methods of Determining Permeability, Trans
missibility, and Drawdown U S Geological Survey Water Supply
Paper 1536-1

Bentall, R (complier) 1963b Shortcuts and Special Problems
In AqUifer Tests U S Geological Survey Water-Supply Paper
1545-0 [17 papers]

Bouwer, H 1978 Groundwater Hydrology McGraw-HIli, New York,
480 pp [General text covering ground-water hydraUlics, quality,
and management]

Bowen, R 1980 Ground Water John Wiley & Sons, New York, 227
pp [General text With 13 chapters]

Bowen, R 1982 Surface Water John Wiley & Sons, New York, 289
pp

Branson, FA, G F Gifford, K G Denard, and R F Hadley 1981
Rangeland Hydrology, 2nd ed KendalVHunt, DUbuque, IA



Bras, R L 1990 Hydrology An Introduction to Hydrologic SCience
Addison-Wesley, Reading, MA

Brassmgton, R 1988 Field Hydrogeology Halsted PrE'SS, New York
[Introductory field manual for field techmques in hydrogeologic
Investigations]

Brown, R H , A A Konoplyantsev, J Ineson, and V S Kovalensky
1983 Ground-Water Studies An International GUide for Research
and Practice Studies and Reports m Hydrology No 7 UNESCO,
Paris [Chapter 6 covers aquifer tests]

Bureau of Reclamatlon 1960 Studies of Ground-Water Movement
Technical Memorandum No 657 U S Department of The Interior,
Denver, CO, 180 pp [Collection of 19 office memoranda on studies
of techmcal problems arising from ground-water movement on
Bureau of Reclamation proJects]

Bureau of Reclamation 1978 Drainage Manual U S Department of
The Interior, Denver, CO, 286 pp

Bureau of Reclamation 1981 Ground Water Manual-A Water Re
sources Techmcal PUblication, 2nd ed U S Department of the
Interior, Bureau of Reclamation, Denver, CO, 480 IPP [1st edition
1977, 7 chapters covering hydraulics and pumping tests]

Butler, S S 1957 Engmeerlng Hydrology Prentice-Hail, Englewood
Cliffs, NJ

Campbell, M 0 and J H Lehr 1973 Water Well Technology
McGraw-HIli Book Company, New York, NY [Chapter 10 covers
well hydraulics]

Cedergren, H R 1989 Seepage, Dramage, and FloVi Nets, 3rd ed
John Wiley & Sons, New York [2nd edition pUblished 1977)

Chapman, R E 1981 Geology and Water-An Introduction to AUld
MechaniCS for GeologiSts Martlnus NIJhoff Publishers, The Hague,
The Netherlands, 228 pp

Chow, VT (ed) 1964 Handbook of Applied Hydrology A Compen
dium of Water-Resources Technology McGraw-HIli, New York,
1453 PP

Chow, VT, DR Maldment, and L W Mays (eds) 1988 Applied
Hydrology McGraw-HIli, New York, 572 pp

Clarke, D 1988 Groundwater Discharge Tests Simulation and Analy
SIS Dev In Water SCience 37 ElseVier, New York [Series of
analytical programs for analyZing aqUifer tests, covers confmed,
leaky-eonfined and unconfined aqUifers]

Collins, R E 1961 Flow of FlUids In Porous Media Reinhold Pub
lishing Corp, New York, 275 pp

Colt Industries 1974 Hydraulic Handbook Fairbanks Morse Pump
DIVISion, Colt Industries, Kansas City, KS, 246 pp

Cooley, R L, J F Harsh, and D L Levy 1972 PrinCiples of Ground
Water Hydrology HydrologiC Engmeerlng Methods. for Water Re
source Development, Vol 10 U S Army Corps, of Engineers
HydrologiC Engineering Center, DaVIS, CA

Corey, A T 1977 Mechamcs of Heterogeneous FlUids In Porous
Media Water Resources Publications, Fort Collins, CO

Cushman, J Hand L Hall 1991 DynamiCs of FlUids In Hierarchical
Porous Media AcademiC Press, New York, 528 PI>

CUStOdiO, E and M R Llama 1975 Hldrologla Subterranea, 2 Vols
Edlclones Omega, Barcelona, 2,359 pp

Dagan, G 1989 Flow and Transport In Porous Formations Sprin
ger-Verlag, New York [Focuses on stochastiC modeling of subsur
face flow and transport at different scales]
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Daly, C J 1984 A Procedure for Calculating Ground Water Flow
lines CRREL SpeCial Report 84-9 U S Army Corps of Engmeers
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pt 2(1982) 1-213

Symposium on Underground Water TraCing (SUWT) 1986 5th
SUWT (Athens, Greece) Published by Institute of Geology and
Minerai Exploration, Athens

Thrailkill, J , et aI 1983 Studies In Dye-Tracing TechnIques and Karst
Hydrogeology UnIV of Kentucky, Water Resources Research Cen
ter Research Report No 140

Tolson, J Sand FL Doyle (eds) 1977 Karst Hydrogeology Mem
oirs of the 12th Int Congress, Int Assoc Hydrogeologlsts Univer
Sity of Alabama, HuntSVille, AL [60 papers]

Trudglll, S T 1985 Limestone Geomorphology Longman, New York

Warren, WM and J 0 Moore 1975 Hydrology of Limestone Terra
nes Annotated Bibliography of Carbonate Rocks Geological Sur
vey of Alabama Bulletin 94E, pp 31-163

White, WB 1988 Geomorphology and Hydrology of Karst Terrains
Oxford Umverslty Press, New York, 454 pp

White, W B and E L White (eds) 1989 Karst Hydrology Concepts
from the Mammoth Cave Area Van Nostrand Reinhold, New York,
343 pp [12 contributed papers]

YevjevlCh, V (ed) 1976 Karst Hydrology and Water Resources, Vol
1 Karst Hydrology, Vol 2 Karst Water Resources Water Re
sources Publfcatlons, Fort Collins, CO [Symposium proceedings
With 38 papers]



Table A-3 Index to Major References on Geographic Information Systems (GIS)

Topic

Texts

GIS Systems

Government Use

Spattal Data

Temporal GIS

Data Sources

References

Introductory Amoff (1989), Cadoux-Hudson and Heywood (1992), Paquet and Marble (1990), Ripple (1989), Star
and Estes (1990), Cartography ACSM (1992d), Clarke (1990), Johnson et aI (1992), Tomlin (1990), Technology
ACSM (1992b), AntenuccI et aI (1991), Maguire et al (1992), Land Resource Assessment Burrough (1986),
Gokee and Joyce (1992), Ripple (1987), Young and Cousins (1993), Urban Applications Huxhold (1991),
Geosclence/Geotechmcal Applications Johnson et al (1992), Thomas (1988), Ground-Water and Envlfonmental
Applications Johnson et al (1992), Kovar and Nachtnebel (1993), PICkus (1992), Scepan et aI (1993) General
Applications Johnson et al (1992), Maguire et aI (1991), Ripple (1987)

Arcllnfo ESRI (1990), PICkus (1992), AutoCAD<!P Jones and Martin (1988), TIGER Carbaugh and Marx (1990),
CompaflsoniEvaluatlon FICC (1988), Rowe and Dulaney (1991)

US EPA Fenstermaker (1987), OIRM (1992), US EPA (1992a, 1992b, 1992C), US Geological Survey USGS
(1991a), SOil Conservation ServIce SCS (1991), Other Federal FICC (1990), FGDC (1991 a, 1991b, 1993),
States ACSM (1992a), August and McCann (1990), PlanGraphlcs (1991), Warnecke (1988), Local ACSM (1992c)

AnalySIS Cressie (1991), Goodchild and Gopal (1989), Raper (1989), Samet (1990), Tomlin (1990), Data
ManagemenVProcessmg Date (1985, 1990), Ferglno (1986), F1emmg and von Halle (1986), Internattonal
Geographical Union Commission on GIS (1992), Samet (1989, 1990), StandardsIFormat Ellssal and Caruso
(1983), Johnson et aI (1992), NatIonal CommIttee for Cartographic Data Standards (1987), USFWS (1984),
USGS (1990a, 1990b, 1991b), Information Exchange ANSI (1986a, 1986b), ASTM (1993), Bureau of Census
(1992-TIGER), Lockheecl Engineering and SCiences Company (1991), Mornson and Wortman (1992), NIST
(1992), USGS (1992), Data Coding NBS (1987, 1988), US EPA (1992c), USGS (1983), Locatlonal
Methods/SurveYing OnsrLld and Cook (1990), US EPA (1992a, 1992b)

Langran (1992)

SOils SCS (1991), Topography Bauer (1989-AutoCad)
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Table A-4 Periodicals, Conferences, and Symposia with Papers Relevant to GIS

Sponsor Year Title

ACSMlASPRS Annual Convention Proceedings
1986 Arm Foundations, New Honzons (Vol 3, Geographic Information Systems, 286 pp)
1987 Technology for the Future, Applications for Today (7 Volumes, Vol 5, GIS/LIS, 222 pp)
1988 The World In Space (6 Volumes, Vol 5, GIS, 248 pp)
1989 Agenda for the Nlnebes (Vol 4, GISILIS)
1991 Annual Convention (6 Volumes, Vol 2 Cartography and GIS/LIS, Vol 4, GIS)
1992 Annual Convention (Vol 1 ASPRS, Vol 2 ACSM)
1992 Global Change (5 Volumes, Vol 3, GIS and Cartography)

Annual GIS WorkshopsIConferences
ASPRSlUSFS 1986 Geographic Information Systems Workshop, 220 pp
ACSMlASPRS 1987 GIS'87-lnto the Hands of the DeciSion Maker (2 Volumes, 760 pp, Vol III-post conference

proceedings, 234 pp )

GISILIS'88-Accesslng the World (2 Volumes, 980 pp )

GeographiC Information Systems (GIS) and Mapping Practices and Standards
Geographic Information Systems and Water Resources

ACSMlASPRS

AAGIURISA 1988
1989
1990
1991 GISILIS'91 Proceedmgs
1992 GISILIS'92 Proceedings

BIannual International Automated Cartography Proceedings
1987 AutoCarto 8 (775 pp)
1989 AutoCarto 9 (879 pp)
1991 AutoCarto 10 (Vol 6 of ACSMlASPRS Annual Convention Proceedings)

Photogramllllltric engineering and Remote Sensing Special GIS Issues
1987 OCtober, 184 pp
1988 November, 170 pp
1989 November, 144 pp

other ConferenceslSymposla
ASTM 1990
AWRA 1993

PorfodlcalsINewsletters

Techn1ca/ Journals Cartography and GeographiC Information Systems (ACMS), GIS/GIMS News (ASPRS"), International Journal of GIS,
Photogrammetrlc Engineering and Remote Sensing (ASPRS)

V8nc!or N6wsletters ARC News (Environmental Systems Research Institute, Redlands CA"), Grass Clippings (Geographic Resource
AnalysIs Support System, Stennle Space Center, MS"), MOnitor (Erdas, Inc, Atlanta, GA"), Remote Sensing and Database Development
(James W SewaH Company, Old Town ME*), TYDAC News (TYDAC Technologies Corporation, Arlington, VA")

GOV6(1)(1}(Jnt Agency Newsletters Federal GeographIC Data Committee (FDC) Newsletter (USGS, Reston, VA"), GIS News Layers (DIVISion
of EqUalization and Assessment, Albany, NY"), GIS Update (Vermont GeographiC Information System, Montpelier, VT*), MASS GIS
Newsletter (Massachusetts GIS Project, Boston, MA"), New Jersey GIS Update (Department of EnVIronmental Protection, Trenton, NJ"),
NRGIS News (Mfnnesota Natural Resources GeographiC Informatron Systems, St Paul, MN"), RIGIS News (University of Rhode Island,
KIngston, RIO)

other CAGIS Journal, Environmental Resources Research Insbtute Newsletter (Pennsylvania State University, University Park, PA"), Geo
Info Systems, GIS Review (Greenland, NH*), GIS World (Fort Collins, CO*), Kansas Applied Remote Sensing (KARS) Newsletter
(Unlvorslty of Kansas, Lawrence, KS'), The GIS Forum (Spring, TX"), SALIS Journal, URISA News (URISA, Washington, DC"), Wisconsin
Land Information Newsletter (Center for Land Information Studies, UniverSity of Wisconsin, Madison, WI")

Abbrevlatlons
MG Association of American Geographers
ACMS AmOflcan Congress on SUNeying and Mapping
ASPRS American Society for Photogrammetry and Remote Sensing
ASTM AmorIcan Society for Testing and Matenals
AWRA American Water Resources Assoclabon
UIRSA Urban and Regional Information Systems ASSOCiation

• Addresses listed In August and McCann (1990)
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Table A-3 References*
Adams, S et aI 1992 illinoIs Groundwater Protection Program Pilot

Groundwater Protection Needs Assessment for Pekin Public Water
Supply Facility Number 1795040 Division of Public Water Sup
plies, illinoIS EnVIronmental Protection Agency, Springfield, IL
[GIS]

Amencan Congress on SurveYJng and Mapping (ACSM) 1992a
State Geographic Information ActIVIties Compendium ACSM, Be
thesda, MD

Amencan Congress on Surveying and Mapping (ACSM) 1992b GIS
A Guide to the Technology ACSM, Bethesda, MD

Amencan Congress on SurveYJng and Mapping (ACSM) 1992c The
Local Government GUide to GIS ACSM, Bethesda, MD

Amencan Congress on Surveying and Mapping (ACSM) 1992d GIS
Microcomputer and Modern Cartography ACSM, Elethesda, MD

Amencan National Standards Institute (ANSI) 1986~1 Specification
for a Data Descnptlve File for Information Interchange ANSI/ISO
8211-1985, FIPS PUB 123

Amencan National Standards Institute (ANSI) 1986b Computer
Graphics Metafile for the Storage and Transfer of Picture Descnp
tlve Information ANSI X3 122-1986, FIPS PUB 128

Amencan Society for Testing and Matenals (ASTM) 1993 Metadata
Support for GeographiC Information Systems and Spatial Data
Exchange Draft Specification D1801 Subcommlttoe ballot, Janu
ary

AntenuCCI, J C, K Brown, P L Croswell, M J Kevany, and H N
Archer 1991 Geographic Information Systems A GUide to the
Technology Van Nostrand Reinhold, New York, 301 pp

Aronoff, S 1989 GeographiC Information Systems A Management
Perspective WDL Publications, Ottawa, Canada, 294 pp [Intro
duction for users and managers]

August, PV and A McCann 1990 GeographiC Information Systems
(GIS) In Rhode Island Department of Natural Resources SCience
Fact Sheet No 90-23, Umverslty of Rhode Island, Kingston, RI,
11 pp [Included as AppendiX to RIDEM (1992)]

Bauer, M F 1989 Digital Map Users GUide Amencan Digital Cartog
raphy, Inc , Appleton, WI [USGS topographic maps for AutoCad]

Bureau of Census 1992 TIGERlSDTS™ Prototype Flies, 1990 Pre
liminary Descnptlon Available from Census Bureau, Geography
DIVISion, GeographiC Base Development Branch, Washington, DC
20233

Burrough, PA 1986 PrinCiples of Geographical Information Systems
for Land Resources Assessment Clarendon/Oxford Umverslty
Press, New York, 193 pp [Advanced text]

Cadoux-Hudson, J and D I Heywood (eds) 1992 GeographiC In
formation 1992/3 Yearbook of the ASSOCiation for GeographiC In
formation Taylor & FranCIS, Bnstol, PA, 632 pp

Carbaugh, Land R W Marx 1990 The TIGER System A Census
Bureau Innovation Serving Data Analysts Government Information
auarterly 7(3) 285-306

Clarke, K 1990 Analytical and Computer Cartographlr Prentice Hall,
Englewood Cliffs, NJ

Cressle, N 1991 StatistiCS for Spatial Data John Wiley &Sons, New
York. [ComprehenSive and readable text on the analySIS of spatial
data through statistical models, Unifies a previously disparate sub
Ject under a common approach and notation]

Date, C J 1985 Introduction to Database Systems, Vol II Addlson
Wesley, Reading, MA
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Date, C J 1990 Introduction to Database Systems, Vol I , 5th ed
Addison-Wesley, Reading, MA

Elissal, A A and V M Caruso 1983 Digital Elevation Models U S
Geological Survey Circular 895-B

ESRI, Inc 1990 PC Arcllnfo User's Manual EnVIronmental Research
Institute, Inc, Redlands, CA

Federal Interagency Coordinating Committee on Digital Cartography
(FICC) 1988 A Process for Evaluating GeographIC Information
Systems Available from U S Geological Survey Publications, Re
ston, VA

Federal Interagency Coordinating Committee on Digital Cartography
(FICC) 1990 A Summary of GIS Use 10 the Federal Government
Available from U S Geological Survey Publications, Reston, VA

Federal GeographiC Data Committee (FGDC) 1991a A National
GeographiC Information Resource The Spatial Foundation of the
Information-Based SOCiety U S Government Pnntlng Office,
Washington, DC, 10 pp + 4 Appendices

Federal GeographiC Data Committee (FGDC) 1991b First Annual
Report to the Director, Office of Management and BUdget Avail
able from U S Geological Survey Publications, Reston, VA

Federal GeographiC Data Committee (FGDC) 1993 Manual of Fed
eral GeographiC Data Products Available from U S Geological
Survey Publications, Reston, VA

Fenstermaker, L K 1987 GeographiC Information System Bneflng for
the Administrator and Deputy AdmlOlstrator TS-AMD-87650, U S
EPA EnVironmental MOnltonng Systems Laboratory, Las Vegas,
NV

Fengno, C F 1986 A Data-Management System for Detailed Areal
InterpretIVe Data U S Geological Survey Water Resource Inves
tigations Report 86-4091, 103 pp

FlemlOg, C and B von Halle 1989 Handbook of Relational Data
base DeSign Addison-Wesley, ReadlOg, MA

Gokee, TL and L A Joyce 1992 AnalySIS of Standards and GUide
lines In a GeographiC Information System USing EXisting Resource
Data Research Paper RM-304, Rocky Mountain Forest and Ex
penment Station, Fort Collins, CO, 12 pp

Goodchild, M and S Gopal (ed) 1989 Accuracy of Spatial Data
bases Taylor & FranCIS, Bnstol, PA, 308 pp

Huxhold, W 1991 Introduction to Urban GIS Oxford UnIVerSity
Press, New York

International Geographical Union CommiSSion on GIS 1992 Pro
ceedings 5th International Symposium on Spatial Data Handling,
2 Vols [More than 70 papers, held August 3-7, 1992 In Charleston,
SCI

Johnson, A I , C B Pettersson, and J L Fulton 1992 GeographiC
Information Systems (GIS) and Mapping Practices and Standards
ASTM STP 1126, Amencan Society for Testing and Matenals,
Philadelphia, PA

Jones, F H and L Martin 1988 The AutoCAD® Database Book
AcceSSing and Managing CAD Drawing Information Ventana
Press, Chapel Hili, NC

Kovar, K. and H P Nachtnebel (eds) 1993 Application of Geo
graphiC Information Systems In Hydrology and Water Resources
Management Int Assoc SCI Hydrology Pub No 211, 693 pp
[Proc IAHS/UNESCO conference held In Vienna, Austna, Apnl,
1993, 68 papers]

Langran, G 1992 Time In GeographiC Information Systems Taylor
& FranCIS, Bristol, PA, 200 pp [Covers conceptual, logICal, and
phySical deSign of temporal GISs]



Lockheed Englneenng & Sciences Company 1991 Information Ex
change Format for Environmental Expert Systems, Preliminary
AnBlysls (Draft) EPA/600/X-911119 US EPA Environmental
Monitoring System Laboratory, Las Vegas

Maguire, 0 J , M F Goodchild, and 0 W Rhlnd 1991 Geographical
Information Systems Principles and Applications John Wiley &
Sons, New York. [2 volume set WIth 60 papers]

Morrison, J Land K. Wortman (ads) 1992 Implemenbng the Spatial
Data Transfer Standard Cartog,raphy and GeographiC Information
Systems 19(5):277-334 [Special Issue WIth 12 papers on the fed
eral STDS]

NatlonalBureau of Standards (NBS) 1987 Codes for the Identifica
tion of the State, The DIstrict of Columbia and the Outlying Areas
of the United States, and Associated Areas Faderal Informabon
Processing Standards (FIPS) Publication 5-2, NBS, U S Depart
ment of Commerce, Washington, DC

National Bureau of Standards (NBS) 1988 Representabon for Cal
endar Date and Ordinal Date for Information Interchange Federal
Information Processing Standards (FIPS) Publication 4-1, NBS,
U S Department of Commerce, Washington, DC

National Committee for Dfgital cartographic Data Standards 1987
Issues In Digital Cartographic Data Standards Report 9

Natlona/lnsbtute of Standards and Technology (NIST) 1992 Spabal
Data Transfer Standard Faderallnformation Processing Standard
Publlcatlon 173 (FlPS Pub 173) [Available from NTIS or Internet
Isdres er usgs gov(130 11 48 2), user name anonymous, after
oonnectlng cd usgs sdts]

OffIce of Information Resource Management (OIRM) 1992 Geo
graphic Information Systems (GIS) Guidelines Document OIRM
88-01. U S Environmental Protection Agency, Washington, DC

Onsrud, H J and 0 W Cook (eds) 1990 Geographic and Land
Information Systems for Practicing Surveyors A Compendium
American Congress on Surveying and Mapping, Bethesda, MD,
219 pp [Collectlon of 22 articles from the recent GIS/LIS literature]

Pequet, 0 and 0 Marble (eds) 1990 Introductory Readings In
Geographic Informabon Systems Taylor &Francis, Bristol, PA, 387
pp

Pickus, J 1992 Data Automation Using GIS and ARCIINFO GIS
Support for Hydrogeologic Analysis Contract No 68-CO-o050,
U S EPA Environmental Monitoring Systems Laboratory, Las
Vegas, NV, 87 pp

PlanGraphlcs 1991 Summary of State GIS Coordination, Legislation
and Fundfng Sources PlanGraphics, Frankfort, KY, 9 pp

Raper, J (ed) 1989 Three Dfmenslonal Applications In Geographic
Information Systems Taylor & Francis, BrIstol, PA, 189 pp [Survey
of approaches and problems in modeling real geophysical data]

Rhode Island Department of Environmental Management (RIDEM)
1992 Inventory of Potential Sources of Groundwater Contamina
tion In Wellhead Protection Areas RIDEM Guidance Document.
RIDEM, Providence, RI, 38 pp + appendices

RIpple. W (ed) 1987 Geographic Information Systems for Resource
Management. A Compendium ASPRS, Falls Church, VA/Ameri
can Congress on Surveying and Mapping, Bethesda, MD, 288 pp
[papers on land SUitability; water. soli, and vegetation resource
management, and urban and global GIS applications]

Ripple, W. (ed.) 1989 Fundamentals of Geographic Informabon Sys
tems. A Compendium ASPRS, Falls Church, VA/American Con
gress on Surveying and Mapping, Bethesda, MD, 248 pp
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Rowe, G W and S J Dulaney 1991 Building and Using a Ground
water Database LewIs Publishers, Chelsea, MI, 218 pp [AppendiX
Includes summary Information on more than 80 GIS-related soft
ware]

Samet, H 1989 Applications of Spatial Data Structures Addison
Wesley, Reading, MA [Appllcabons In computer graphICS, image
proceSSIng, and GIS]

Samet, H 1990 Design and AnalySIS of Spabal Data Structures
Addison-Wesley, Reading, MA [HierarchICal (quad-tree and oc
tree) state structures]

Scepan, J , R C Frohn, 0 Heath, J Pickus, M Finkbeiner, and B
Moore 1993 The Use of Geographic Information Systems In Well
head Protecbon Programs (February Draft) Cooperative Agree
ment CR-816196, US EPA EnVIronmental MonitOring Systems
Laboratory, Las Vegas, NV

Sod Conservabon Service (SCS) 1991 State SOil Geographic Data
Base (STATSGO) Data Users GUide SCS Miscellaneous Publica
tion No 1492, US Department of Agriculture, Washington, DC,
88 pp

Star, J and J Estes 1990 GeographIC Informabon Systems An
Introducbon Prentice Hall, Englewood Cliffs, NJ, 303 pp [Intro
ductory text for students and profeSSionals]

Thomas, H F (ed) 1988 GIS Integrating Technology and Geos
cience Applications National Academy of Science, WaShington,
DC

Tomlin, D 1990 Geographic Information Systems and Cartographic
Modeling Prentice Hall, Englewood Cliffs, NJ

U S Environmental Protection Agency (EPA) 1992a Locatlonal Data
Policy Implementation Guidance Guide to the Policy EPA/220/B
92-008, Office of Administration and Resources Management,
Washington DC

U S Environmental Protection Agency (EPA) 1992b Locatlonal Data
Policy Implementation Guldance-Global Positioning System
Technology and Its Application In Environmental Programs-GPS
Primer EPA/600/R-921036

U S Environmental Protection Agency (EPA) 1992c Definitions for
the Minimum Set of Data Elements for Ground Water auallty
Policy Order 7500 1A, Guidance document EPA/813/B-921oo2
Available from ODW·

U S Fish and Wildlife Service (USFWS) 1984 Map Projections for
Use with the Geographic Information System FWS/OBS-84117,
USFWS, Washington, DC

U S Geological Survey (USGS) 1983 SpecificatIons for Repre
sentation of Geographic Point Locations for Information Inter
change U S Geological Survey Circular 878-B, 23 pp

U S Geological Survey (USGS) 1990a Digital Elevation Models
Data Users Guide 5 USGS National Mapping DIVision, Reston,
VA, 51 pp

U S Geological Survey (USGS) 1990b Digital Line Graphs from
1 24,ooo-Scale Maps-Data Users GuIde Nabonal Mapping Pro
gram Technical Instructions USGS National Mapping Division,
Reston, VA, 107 pp

U S Geological Survey (USGS) 1991a National Mapping Program
Technical Instructions, FlPS Pub 123 Function Library Software
Documentation (Draft) USGS National Mapping DIVISion, Reston,
VA

U S Geological Survey (USGS) 1991b General Cartographic Trans
formation Package USGS National Mapping DIVISion, Reston, VA,
87 pp



US Geological Survey (USGS) 1992 A Prototyptl SOTS Federal
Profile for Geographic Vector Data WIth Topology (Draft) USGS
National Mapping DiviSion, Reston, VA, 17 pp

Wamecke, L 1988 GeographIC Information Coordination In the
States Past Efforts, Lessons Leamed, and Future OpportUnities
Information Management Review 3(4) 27-38

Young, R H and S Cousins (eds) 1993 Landscape Ecology and
GeographIC Information Systems Taylor & FraTICls, Bnstol, PA, 300
pp

* See Introduction for Informatton on how to obtain documents
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Table A·S Index to Major References on Chemical Hazard and Risk Assessment

Topic

General

Risk Communication

SARA 11t1e III·

Chemical Fate Assessment

ModelslMethods

ExpoSllf'e Assessment

General

ModelsIMethods

References

Sandman (1986), US EPA (1987-1989, 1988j, 1988a, 1989a, 1989c, 1990a)

General US EPA (1988b, 1988e, 19891, 1989g, 1989h, 19891, 1990b, 1992b), Emergency Planning US
EPA (1987b, 1988g, 1988h, 19881, 1990j)

(See also Table 1-2)

Calabrese and Kostecki (1992)

US EPA (1986-1988, 1988c, 19901), Exposure Factors Schaum (1990), US EPA (1985b), Food
Contamination Pathways US EPA (1986c)

Bird et aI (1991-TEEAM)

Ground Wator"·

Chemical Hazards

Risk Assesament

GenlH'a1 National Research Council (1983), US EPA (1986-1988, 1987a), Information Sources US EPA (1986b),
Biological Values US EPA (1988d), Data Useability US EPA (1990g), ModeVMethods Reviews
Calabrese and Kostecki (1992), US EPA (1990e, 1990f)

Conway (1982), FEMAlDOTIEPA (1989), US Department of Agnculture Extension Service (1989), US
EPA (1987d, 1988b, 1988f, 1989b, 199Of, 1992b), Estimating Chemlcsl Releases PEl Associates (1990),
US EPA (1987c, 1989b, 1990d)

Texts/Reports McTeman and Kaplan (1990), Reichard et al (1990), Trojan and Perry (1989), US EPA
(1991), Papers Flanagan et al (1991), Pfannkuch (1991)

Drinking Water lowrence (1992), US EPA (1985a, 1990e)

Ecological Eastern Research Group (1991), Norton et al (1988), Suter (1993), US EPA (198ge, 1990h)

Public Health US EPA (1986-1988, 1986a, 1989d, 19900, 19901)

• Commonly referred to as the Emergency Planning and Commumty Rlght-To-Know Act (EPCRA)
•• See also references on vulnerability mapping identified in Table 5-9

Table A-5 References'"

BIrd, S l , J M Chepllck, and D S Brown 1991 Preliminary Testing,
Evaluation and Sensitivity Analysis for the Terrestrial Ecosystem
Exposure Assessment Model (TEEAM) EPA/600l3-91/019 (NTIS
PB91-161711)

calabl'ese, E.J and PT Kostecki 1992 Risk Assessment and Envl
roOlOOnla1 Fate Methodologies leWIS Publishers, Boca Raton, Fl,
150 pp. [Description and cnttcal review of existmg software
(AERtS, GEOTOX, lUFT, MYGRT, PCGEMS/SESOll, POSSM,
PPLV, PAZM, RAFT, Risk Assistant, SESOll), and other methods
developed at the state level (Callfomia, New Jersey, and Massa
chusetts)]

Conway, R E (ed) 1982 Environmental Risk Analysis for Chemi
cals van Nostrand Reinhold, New York.

EastlH'n Research Group, Inc. 1991 Summary Report on Issues in
EoologlcaI Risk Assssment Proceedings of a ColloqUium Series
March-July, 1990 Prepared for Risk Assessment Forum, US
Environmental Protection Agency, Washington, DC

Federal Energy Management Agency, U S Department of Transpor
tation and U S Environmental Protection Agency
(FEMAIDOTIEPA).1989 Handbook of Chemical Hazard AnalYSIS
Procedures Available from Federal Emergency Management
Agency, Publications Department, 500 CSt, SW, Washington, DC
20472.

Aanagan, E 1<., J E Hansen, and N Dee 1991 Managing Ground
Water Contamination Sources in Wellhead Protection Areas A
Priority Seltlng Approach Ground Water Management 7 415-418
(Proc Focus Conf on Eastem Regional Ground-Water Issues)
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McTernan, W F and E Kaplan (eds) 1990 Risk Assessment for
Groundwater Pollution Control American Society of Civil Engi
neers, New York, 368 pp

National Research Council 1983 Risk Assessment In the Federal
Govemment Managing the Process National Academy Press,
Washington, DC

Norton, S ,M McVey, J Colt, J Durda, and R Hegner 1988 Review
of Ecological Risk Assessment Methods EPA/230/10-88-041
[ReView of 16 methodologies]

PEl ASSOCiates 1990 GUidance for Food Processors Section 313,
Emergency Planning and Communrty Right-to-Know Act EPA
560/4-90-014 Available from EPCRI HoUlne·

Pfannkuch, H 0 1991 Application of Risk Assessment to Evaluate
Groundwater Vulnerability to Non-Point and POint Contamination
Sources In Proc First USA/USSR Joint Conf on EnVIronmental
Hydrology and Hydrogeology, J E Moore et al (eds), Amencan
Institute of Hydrology, Minneapolis, MN, pp 158-168

Reichard, E ,C Cranor, R Raucher, and G Zapponr 1990 Ground
water Contamination Risk Assessment A Guide to Understanding
and Managing Uncertainties Int Assoc Hydrological Sciences
Publication No 196

Sandman, PM 1986 Explaining EnVironmental Risk US EPA OffICe
of ToxIC Substances, 27 pp Available from EPCRI HoUlne *

Schaum, J 1990 Exposure Factors Handbook 1990 EPA/600/8
89/043 (NTIS PB90-106n4)

Suter, II, G W 1993 Ecological Risk Assessment lewis Publishers,
Chelsea, MI, 538 pp



TroJan, M J and J A Perry 1989 Assessing Hydrogeologic Risk Over
Large Geographical Areas Bull 585-1988 (Item No AD-S53
3421), Mlnn Ag ExtensIon Station, University of Mlnn, St Paul

U S Department of Agnculture Extension Service 1989 Risk Man
agement for Small Communities Senes Risk Management Man
ual A Reference Tool for Small Local Governments, 220 pp , Risk
Management Workbook A GUide to Implementation of Risk Man
agement Programs For Small Local Governments, 117 pp, Risk
Reduction Techniques Methods to Promote Safety and EffiCiency
for Small Local Governments, Risk Management Instructor's
GUide Techniques for Training Public OffiCials tel Manage RISks
Available from Southern Rural Development Cent(~r, PO Box 5446,
MISSissippi State, MS 39762 [Joint project With Public Risk Man
agement ASSOCiation and Oklahoma State Umverslty CooperatIVe
Extension Service, main focus IS on management of liability nsks
but addresses enVIronmental risks such as emergency response
and underground storage tank management)

U S EnVironmental Protection Agency (EPA) 1985cl Techniques for
the Assessment of the Carcinogenic RIsk to the U S Population
Due to Exposure to Selected Volatile Organic Chemicals In Dnnk
Ing Water EPA/570/9-85-001 (NTIS PB84-213941)

U S EnVIronmental Protection Agency (EPA) 1985b Development
of Statistical Dlstnbutlons or Ranges of Standard Factors Used in
Exposure Assessment EPA/600/8-8~/010 (NTIS PB85-242667)

US EnVironmental Protection Agency (EPA) 1986-1988 Risk As
sessment GUidelines GUidelines for Carcinogen Risk assessment
(51 FR 33992-34003, 9/24/86), GUidelines for Mutagemclty Risk
Assessment (51 FR 34006-34012, 9/24/86), GUidelines for Health
Risk Assessment of Chemical Mixtures (51 FR 34028-34040,
9/24/86), GUidelines for the Health Assessment of Suspect Devel
opmental TOXicants (51 FR 34028-34025,9/24/86), GUidelines for
Exposure Assessment (51 FR 34042-24054, 9/24/86), Proposed
Guidelines for Assessment Male Reproductive RIsk and Request
for Comments (53 FR 24850-24869, 6/30/88), Proposed GUide
lines for AsseSSIng Female ReproductIVe RIsk (53 FR 24834
24847, 6/30/88), Proposed GUidelines for Exposure-Related
Measurements and Request for Comments (53 FR 48830-48853,
12/2/88)

U S EnVIronmental Protection Agency (EPA) 1986a Superfund Pub
lic Health Evaluation Manual EPA/540/1-86/060

U S EnVIronmental Protection Agency (EPA) 1986b Superfund Risk
Assessment Information Directory EPA/54O/1-86/061 (NTIS
PB87-188918), 200 pp

US EnVironmental ProtectIon Agency (EPA) 1986c Methods for
AsseSSing Exposure to Chemical Substances, Vol 8, Method for
Assessing Environmental Pathways of Food Contamination
EPA/560/5-85-008

US Environmental Protection Agency (EPA) 1987a The Risk As
sessment GUidelines of 1986 EPA/600/8-87-045 Washington DC

U S EnVironmental Protection Agency (EPA) 1987b Hazardous Ma
tenals Emergency Planning GUide NRT-1 Available from EPCRI
Hotline *

U S EnVIronmental Protection Agency (EPA) 1987e Estimating Re
leases and Waste Treatment EffiCienCies for the ToxIC ChemIcal
Release Inventory Form EPA/560/4-88-002 (NTIS PB88-210380)
Available from EPCRI Hotline·

US EnVIronmental Protection Agency (EPA) 1987d Techmcal GUId
ance for Hazards AnalySIS OSWER-88-Q01 Available from EPCRI
Hotline" [Used In conjunction With NRT-1)

US EnVironmental Protection Agency (EPA) 1987-1989 Risk As
sessment, Management, Communication A Guide to Selected Re
sources GUide (NTIS PB87-185500), 1st Update (PB87-203402),
2nd Update (PB88-100102), 3rd Upate (PB88-128178), Volume 2,
No 1 (PB88-210596), Volume 2, No 2 (PB89-189641)

US EnVIronmental Protection Agency (EPA) 1987-1989 Risk As
sessment, Management, Communication A Guide to Selected Re
sources GUide (NTIS PB87-185500), 1st Update (PB87-203402),
2nd Update (PB88-100102), 3rd Upate (PB88-128178), Volume 2,
No 1 (PB88-210596), Volume 2, No 2 (PB89-189641)

US Environmental Protection Agency (EPA) 1988a Report of Con
ference on Risk Communication and EnVIronmental Management
U S EPA Techmcal ASSistance Bulletin 4, 7 pp Available from
EPCRI Hotline"

U S EnVIronmental Protection Agency (EPA) 1988b Commumty
Rlght-to-Know and Small BUSiness OSWER-88-005 Available
from EPCRI Hotline"

U S EnVironmental Protection Agency (EPA) 1988c Superfund ex
posure Assessment Manual EPAl54O/1-88/001 (NTIS PB9o
135859)

US EnVironmental Protection Agency (EPA) 1988d Recommenda
tions For and Documentation of BiOlogical Values for Use In Risk
Assessment EPA/600/6-87/008 (NTIS PB88-179874)

U S EnVIronmental Protection Agency (EPA) 1988e Chemicals In
Your Community A CItizen's GUide to the Emergency Planning
and Commumty Rlght-to-Know Act OSWER-90-002 Available
from EPCRI Hotline"

U S EnVironmental Protection Agency (EPA) 1988f List of Extremely
Hazardous Substances OSWER-EHS-1 Available from EPCRI
Hotline"

U S EnVironmental Protection Agency (EPA) 1988g Cntena for Re
vIew of Hazardous Matenals Emergency Plans NRT-1A Available
from EPCRI Hotline"

U S EnVironmental Protection Agency (EPA) 1988h GUide to Exer
cIses m ChemIcal Emergency Preparedness Programs OSWER
88-006 Available from EPCRI Hotline" [Compilation of 3 Techmcal
ASSistance BulletinS (1) Introduction to ExerCises In Chemical
Emergency Preparedness Programs, (2) A GUIde to Planmng and
Conducting Table-Top ExerCises, (3) A GUide to Planning and
Conducting Field SImulation ExerCises, US EPA (1990j) replaces
thiS gUide and Includes thiS mformatlon)

U S EnVIronmental Protection Agency (EPA) 19881 It's Not Over In

OCtober A Guide for Local Emergency Planning CommIttees Im
plementing the Emergency Planning and Community Rlght-to
Know Act of 1986 OSWER-90-004 Available from EPCRI
Hotline"

U S Environmental Protection Agency (EPA) 1988j Seven Cardmal
Rules of RISk Commumcatlon (Brochure) Available from EPCRI
Hotline"

U S EnVironmental Protection Agency (EPA) 1989a Chemical Re
leases and Chemical Risks A Citizen's Guide to Risk Screening
(Pamphlet) EPA/560/2-89-003, 8 pp Available from EPCRI Hot
line"

U S EnVIronmental Protection Agency (EPA) 1989b ToxIC Chemical
Release Inventory Risk Screemng GUide, 2 Volumes (Version 1 0)
EPA/560/2-89-Q02 (NTIS PB90-122128)

U S EnVIronmental Protection Agency (EPA) 1989c Risk Commu
mcatlon About Chemicals In Your Commumty A Manual For Local
OffiCials EPA 230/09-89-066, EPAIFEMA/DOT/ATSDR, 76 pp
Available from EPCRI Hotline" [FacilItators Manual and GUide
(EPAl230/09-89-Q67) also available]
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U S. Enwonmental Protecllon Agency (EPA) 1989d Risk Assess
ment Guldanca for Superfund. Volume 1 Human Health Evalu
allon Manual, Part A, Interim Rnal EPA/54OI1-89/oo2 (NTIS
PB90-155581). 290 pp [1990 9-page Fact Sheet with same title
NTIS P890-273830,1991 Human Health Evaluabon Manual. Sup
plemental Guidance Standard Default Exposure Factors NTIS
PB91·921314, 28 pp]

U.S Enwonmental Protecllon Agency (EPA) 19899 Risk Assess
ment Guidance for Superfund, Volume 2 Environmental Evalu
allon Manual, Interm Rnal EPA/540/1-89/001 (NTIS
PB90-15SS99). 64 pp

U S Enwonmental Protection Agency (EPA) 1989f Emergency
Planning and Community Rlght-ta-Know Act of 1986 Questions
and Answers Available from EPCRI Hotline •

US Environmental Protecllon Agency (EPA) 1989g TOXIC and Haz
ardous Chemicals, 11tIe III and Communities An Outreach Manual
for Community Groups EPA/S60/-1-89-OQ2 (NTIS PB93-200806)
Available from EPCRI Hotllne·

US Environmental ProtecllonAgency(EPA) 1989h Informabon Re
sources Directory EPA/OPA 003-89 Available from EPCRI Hot
Ane.*

U.S Environmental Protecllon Agency (EPA) 19891 When All Else
Fallsl Enforcement of the Emergency Planning and Community
Rlght-ta-Know Act. OSWER 89-010, 12 pp Available from EPCRI
Holllne *

US Environmental Protecllon Agency (EPA) 1990a Public Knowl
edge and Percepllons of Chemical Risks In Six Communities 
Analysis of a Baseline Survey EPA/230101-90-o74 (NTIS PB90
217316) Conducted by Georgetown Umverslty Medical Center

US EnwonrnentaJ Protecllon Agency (EPA) 1990b Emergency
Planning and ColMlunlty Rlght-ta-Know (TItle III) Faclsheet Avail
able from EPCRI Hotline *

US Environmental Protecllon Agency (EPA) 1990C Hazardous
Substances In OUr Environment A Citizens' Guide to Under
standing Health Risks and Reducing Exposure EPA/230/09-90
061 AvaRable from US EPAPublic Information Center. PM-211-B,
0401 M Sl, SW, Washington. DC 20460 [Brochure btled Under
standing Environmental Health Risks and Reducing Exposure
Highlights of a Citizens' GuIde (EPA/230/09-90-o82) is also avail
able from the same source]
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U S EnVironmental Protection Agency (EPA) 1990d Toxic Chemical
Release Inventory Clarificabon and Guidance for the Metal Fab
rication Industry (Section 313 Issue Reporting Paper) EPA/560/4
90-012 Available from EPCRI Hotline·

U S EnVIronmental Protection Agency (EPA) 1990e Risk Assess
ment Methodologies Comparing State and EPA Approaches
EPA/570/9-90-012 Available from ODW·

US EnVIronmental Protection Agency (EPA) 1990f Computenzed
System for Performing Risk Assessments for Chemical Consbtu
ents of Hazardous Waste EPA/600/D-90/044 (NTIS PB90
222001). 22 pp [System combines database. exposure and nsk
values In an IBM-PC format]

U S EnVironmental Protecbon Agency (EPA) 1990g Guidance for
Data Useability In Risk Assessment EPA/S40/G-90/008 (NTIS
PB91-921208). 272 pp [2-page fact sheet with same bile NTIS
PB91-921312]

US EnVIronmental Protection Agency (EPA) 1990h QuantifYing Ef
fects In Ecological Site Assessments Biological and Statistical
ConSiderations EPA/600/D-90/152 (NTIS PB91-129189), 31 pp

US EnVironmental Protection Agency (EPA) 19901 Statlsbcal Meth
ods for Estimating Risk for Exposure Above the Reference Dose
EPA/600/8-90/065 (NTIS PB90-261S04)

US enVIronmental Protect/on Agency (EPA) 1990J Developing a
Hazardous Matenals ExerCise Program A Handbook for State and
Local OffiCials NRT-2 Available from EPCRI Hotline· [Replaces
US EPA (1988h)]

US Environmental Protection Agency (EPA) 1991 Managing
Ground Water Contamination Sources in Wellhead Protection Ar
eas A PriOrity Setting Approach (Draft) Office of Ground Water
and Drinking Water

U S Environmental Protection Agency (EPA) 1992a Publications
Office of SCience and Technology Catalog EPA-820-B-92-oo2
Available from U S EPA Office of Water Resource Center (WH
556) 401 M Street. SW, Washington DC 20460. 202/260-7786
[List of titles for over 200 EPA documents used to develop Indus
trial effluent limitations and gUidelines along With information on
how documents can be obtained]

US EnVIronmental Protection Agency (EPA) 1992b litle III List of
Lists Consolidated List of Chemical Subject to Reporting Under
the Emergency Planning and Community Rlght-To-Know Act EPA
560/4-92-011/500-B-92-oo2 Available from EPCRI Hotline·

• See Introduction for Information on how to obtain documents



AppendixB
DRASTIC Mapping Using an SCS Soil Survey

ThIS appendix describes a relatively simple method for
developing a preliminary countywide ground water vul
nerability map when a sOil survey prepared by the SOil
Conservation Service (SCS) of the U S Department of
Agriculture IS available SCS has published SOil surveys
for most counties In the eastern and midwestern U S
and many counties In western states These SOil maps
delineate map umts contamlng similar SOil charac
teristics based on such characteristics as landscape
pOSition, slope, SOil wetness, depth to bedrock, and type
of bedrock Map Units are then grouped mto SOil asso
Ciations based on geomorphology, surface, and/or bed
rock geology FIgure B-1 Illustrates a general SOil
association map for Monroe County, Indiana, which has
seven major SOil associations

The procedure for developing a DRASTIC mdex for
each soli association IS as follows

1 Review the text descriptions of the major soli series
In the soli aSSOCiatIon Most of the information
needed to make ratmgs on Worksheet 5-2 can be
obtained from these deSCriptions, including depth to
water, aqUifer media, soli media, topography, and
vadose zone media Where SOils In the association
have contrasting properties, make rdtlngs for the
dominant SOil or some sort of welghtmg based on
relative acreages In the SOil aSSOCIation (The SOil
report Will have a table indicating the lotal acreages
of different map Units )

2 Use the table and figures Identified In Section 3 2 2
to estimate hydraulic conductiVity for each soli asso
Ciation

3 Where the water table IS generally deeper than fIVe
feet, someone familiar With the hydroqeology of the
area should be contacted (U S Geological Survey.
state Water Resources DIVISion office, state water
resources agency, hIgh school earth sCience teacher,
etc) to estimate typical water-table depths In each
map Unit Where perched water tables are present
near the surface but the regional watt~r table IS sig
nificantly deeper, the depth to the water table used
for water supply should be used If bolh are used for
water supply, separate DRASTIC Indexes should be
calculated for the two aqUifers In the SOIl association

4 Estimate net recharge for each soli aSSOCiatIon, as
deSCribed In more detail below

5 Calculate the DRASTIC Index for each soli associa-
tIon

FIgure B-2 Illustrates a filled-out DRASTIC Worksheet
for a soli aSSOCiation over karst limestone In southern
Indiana The rating of 172 IS well above the EPA Index
value of 150 for highly vulnerable aqUifers The legend
for Figure 8-1 shows the DRASTIC Indexes for all seven
SOil assoCIations In the county The DRASTIC Indexes
range from 74 for map Unit 1 (relatively unsusceptlble to
ground-water contamination) to 172 for map Unit 2
These ratings, made by someone familiar With the SOils
and geology of the county, took only a couple of minutes
for each map Unit Someone With no special familiarity
With the SOils and geology of the county might need a
couple of hours to come up With ratings, based on a
review of the contents of the SOil survey

The precIse numerical ratings for indiVidual elements of
the DRASTIC Index IS less Important than the relative
dIfferences In the mdex for different map Units If numerl
cal Index ratings for several Units are very close together
or very high, expert adVice from a geologist or hydro
geologist to refine the accuracy of ratings may be re
qUired

Estimation 01 Net Recharge

Net recharge Is the most difficult parameter to estimate
for the DRASTIC Index, because accurate estimatIon of
net recharge reqUIres extensive collection of data on
precipItation and surface and ground water flow for a
watershed Aller et al (1987), the developers of the
DRASTIC Index, do not prOVide much gUidance for es
tImatIon of net recharge The follOWing procedure IS
suggested as a relatively SImple method to develop a
first approximation of net recharge

1 Identify the ground water region wlthm which the
county IS located, uSing FIgure B-3 1 Chapter 2 In
US EPA (1990), available from the Center for Envl-

1 The allUVIal valleys regions include the floodplains of major U S
rtvers The range of recharge can be applied to any soli association
conSisting of allUVIal solis
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SOIL LEGEND
B!/ks-Welkert Moderately deep and shallow steep and relY steep well drained SOIl,
formed In resIduum from sandstone sIltstone and shale on uplands
Crrder-l:anO)'flile Deep and moderately dee~ gently sloping to strongly sloprng well
d..rned sad. farmed In loess and resIduum frem limestone an upl.nds
Eb.lI-G,lpln T1blt Deep and mode..tely deep nearly IO'/elto moderately steep
mOOerately well dramed and well dramed soils formed mloess colluflum and reSiduLO,
fram shale .andstone and Siltstone on uplands
Haymand-Stendal Deep nearly Iml well draIned and somewhat poorly dramed SOli
formed ,n alluflum on ll00d plam.
RYMr HICkory Deep gently sloping to very .teep well drained solis formed In lcess
gl.eral tIll and residuum from limestone an uplands
Hosmer-t<,der Deep nearly level te maderately sleplng well dramed .nd moderatelr
well drarned sell. farmed ,n lcess and reSIduum frem limestone sandstone slltstene .nd
sh.1t: en upl.nds
Peng..Bartle Deep nearly level peeny drarned and somewhat pccriy drained sells
fermed mloess and Iakabed sedIments or In eld alluflum en uplands

Ftguro B--1. SCS soli association map for Monroe County, Indiana, with DRASTIC ratings (modified from Thomas, 1981)
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Uorbheet 5-2 DRASTIC WRKSHEET (Circle appropriate range and rating).

ee..nty: ~onrQe. State: _,....I.a.:N:!..-__

General Soil Map Unit 1IuIber: ...2....
General Description: W4.II-..lro'i1~co\ tot.$~ _n.J. .furO\ ross~ ~1Ie.(- kQr:~+ l,-..lfC1....~

Crld."'t" .. CA..It~rJlll.,

Massive Shale 1·3 2
Metamorphlc/lgneous 2-5 3
Weathered M/I 3-5 4
GlaCIal Tlll 4-6 5
Bedded SS/LS/Shale 5-9 6
MaSSIve sandstone 4-9 6
Massive Llmestone 4-9 6
Sand and Gravel 4-9 8
Basalt 2-10 9

a:wa~r~s:'::-t':';L~I~me~s~t~on~e---"""';9~-"';~""0) 10

,. Depth to \later 2. Net Recharge
(feet) (inches)

Range Rating Range Rating

0-5 10 0-2 1
5·15 9 2-4 3
15-30 7

~o
6

~.50 5 :::p
;D0-75

-100 2
100+ 1

3. AcfJifer Media

Type
Ratlng

Range Typical Actual

4. Soi l lledi. 5_ Topogr.y
(Percent Slope)

6. Vadose Zone Media

(..:;,12..,:~:.;,l8--::P
18+ 1

Thin!
Absent 10

Gravel 10
Sand 9

~rL 8(Str:tured ~
Sanely Loam 6
Loam 5
Sllty Loam 4
Clay Loam 3
Muck 2
Massive

Clay 1

Range Rating Type

ConfIning Layer
Silt/Clay
Shale
Limestone
Sandstone
Bedded LS/SS/Shale
Sand and Gravel with
Slg. Silt and Clay

Metamorphic/Igneous
Sand and Gravel
Basalt

<!arst Lfmestone

DRASTIC Index

Rating
Range TypIcal Actual

1 1
2-6 3
2-5 3
2-7 6
4-8 6
4-8 6

4-8 6
2·8 4
6-9 8
2-10 9
8-19] 10 ...!.Jl-

7. Hydraulic CcJnciJctivity
(gpd/sq. ft.) RatIng x Weight =

Range

,00

Ratlng 1. --.3...- x 5 =-l.!L-
2. --L x 4 =~
3. -1l2....- x 3 = ....:l2-
4. --::I.- x 2 =~
5. -E.- x 1 =-2..
6 • ....!.L x 5 =-1£L
7. -L x 3 = -l:±:....

Tota l J.::!.l::..*

* Aqulfers with DRASTIC ratings >15() are consldered to be t1htghly vulnerable" by EPA.

Figure B-2 Sample Drastic Worksheet for SOIl association overlying karst limestone In Monroe County, Indiana

233



800l<M

o 500 MI
1-1-roL'.,.,-T''c...,.-+......, oL'"1"'-l-l
o

II II IIIII III I III III II " I IIII I I II III

Rguro B-3. Major ground water regions In the United States (Heath, 1982)

234



ronmental Research Information (see Introduction
for information on how to obtain documen1s) provides
more detailed descnptlons of these gr()und water
regions

2 Determine the typical range for net annual recharge
(Inches) for the appropnate region uSing the following
information from Heath (1982) western mountain
ranges (01-2), western allUVial basins (00001-1),
ColumbIa lava plateau (02-10), Colorado plateau
and Wyoming basin (001-2), high plains (02-3),
nonglaclated central region (0 2-20), glaCiated cen
tral region 02-10), Piedmont and Blue Ridge (1-10),
Northeast and Supenor uplands (1-10), AtlantiC and
Gulf coastal plain (2-20), Southeast c()astal plain
(1-20), allUVial valleys (2-20), HawaIIan Islands (1
40), and Alaska (01-10)

3 Use Figures B-4 (mean annual precipitation) and B-5
(average annual potential evapotranspiration) to es
timate the approximate maximum and minimum dif
ference between average precipitation and
evapotranspiration in the ground water region of In
terest ThiS Involves, first, comparing the boundaries
of the ground water region (Figure B-3) Btnd marking
or noting the location of maximum and mlmmum
average precipitation (Figure B-4) and mclXlmum and
minimum evapotranspiration (Figure 8-5) WIthin the
region Calculating the difference betwee'n precipita
tion and evapotranspiration at the max/nlln pOints In
Figure B-4 (precIpitation) and the max/mm pomts m
Figure B-5 (evapotranspiration) will allow Identifica
tion of the two pOints In the region where precipitation
minus evapotranspiration IS the greatest and where
It IS the least NegatIve values should not be a matter
of concern (In fact, they should be expected west of
95° longitude) What IS important IS thE~ range be
tween the maximum and the minimum

4 Estimate the approximate average precipitation and
evapotranspiration for the area of the SCS SOil sur
vey, uSing Figures B-4 and B-5 2

5 Estimate average net recharge III the SOil survey area
In relation to the net recharge range Identified In step
2 by Interpolation For example, In the nonglaclated
central region, If the county value for IJreclpltatlon
mlllus evapotranspiration lies halfway between the
range calculated for the region as a whole, the aver
age net recharge would be around 10 Inches per year
(halfway between 0 2 and 20 Inches) ThiS IS a
county average that must be adjusted to account for
differences III runoff between SOil associations

2 The SCS SOil survey report contains precipitation data for compari
son With Figure 5-15

6 Use Tables 5-1 (SCS Index Runoff Classes) and 5-2
(SCS Criteria for Hydraulic Conductivity and Perme
ability Classes) to assign a runoff class for each SOil
association map umt

7 Net recharge ratings for the DRASTIC Index (Work
sheet 5-2) for each soli aSSOCiation should be as
Signed as follows based on surface runoff class Index
(see Table 5-1 for abbreviations) M = use value
calculated In Step 5, N, VL, and L = Circle the next
higher net recharge category In Worksheet 5-2, H
and VH =next lower net recharge category Note the
Inverse relationship between runoff and recharge
For example, In the example Cited In step 5, where
average net recharge was estimated to be 10 Inches,
soli associations In the medium (M) runoff class
would have a DRASTIC rating of 8, SOil aSSOCiations
low runoff classes would have a DRASTIC mdex
ratmg of 9, and soli associations With high runoff
classes would have a DRASTIC Index of 6

At best, the above procedure Will prOVide a rough esti
mate of net recharge that can be used In the absence
of better data More accurate estimates may reqUIre
assistance from the IndIVIduals who are familiar With the
solis, geology, surface and subsurface hydrology of the
area

References
Aller, L, T Bennett, J H Lehr, R J Petty, and G Hackett 1987

DRASTIC A Standardized System for Evaluating Ground Water
Pollution Potential Using Hydrogeologic Settings EPAl600/2
87/035 (NTIS PB87-213914) [Also published In NWWAIEPA se
ries, National Water Well ASSOCiation, Dublin, OH An earlier
version dated 1985 With the same title (EPAl600/2-85/018) does
not have the chapter on application of DRASTIC to maps or the
10 case studies contained In the later report]

Heath, R C 1982 Classification of Ground-Water Systems of the '
Umted States Ground Water 20(4) 393-401

Thomas, J A 1981 SOil Survey of Monroe County, Indiana US
Department of Agriculture, Soli Conservation SelVlce, 184 pp +
62 map sheets

Thornthwalte, C W 1948 An Approach to a Rational Classification
of Climate Geog Rev 38 55-94

U S EnVIronmental Protection Agency (EPA) 1990 Ground Water
Handbook, Vol I Ground Water and Contammatlon EPAl625/6
90/016a Available from CERI"

Viessman, Jr , W , T E Harbaugh, and J W Knapp 1977 Introduction
to Hydrology, 2nd ed Intext Educational Publishers, New York 1st
edition published 1972 [General text on surface and ground water
hydrology]

"See Introduction for Information on how to obtain documents
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AppendixC
Worksheets for Potential Contaminant Source Inventories and Wellhead

Protection Area Management

This appendix Includes examples of worr<sheets that
may be useful for conducting contaminant source Inven
tones within wellhead protection areas and developing
management plans for ground water protE.'Ctlon Many
state wellhead protection programs have developed
worksheets for similar purposes If such worksheets are
available, they can be compared with similar work
sheet(s) In thIs AppendIx and the worksheet that IS most
comprehensive and easiest to use should be selected
If neither worksheet Includes all relevant Information, the
worksheet that IS selected can be modified to Include
the desired additional Information

The following worksheets are Intended for use with the
Inventory of potential contaminants within wellhead pro
tection areas (Chapter 8)

• ReSIdential Potential Contaminant Source Inventory
(Worksheet C-1)

• Farm Potential Contaminant Source Inventory (Work
sheet C-2)

• Agncultural Chemical Usage Inventory (Worksheet
C-3)

• Transportation Hazard Inventory (Worksheet C-4)

• MUnlclpaVCommerclal/lndustnal Potential Contami
nant Source Inventory Short Form (Worl<sheet c-S)

• MUnlclpaVCommerclal/lndustnal Potentl,al Contami-
nant Source Inventory Long Form (Wor~,sheet C-6)

The "short form" for mUniCipal, commercIal, and Indus
tnal contaminant sources (Worksheet C-S) can be used
when the presence of storage tanks and/or use of sol
vents are the pnmary sources of potential concern If
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other hazardous chemIcals are present, the "long form"
(Checklist C-G) can be used

The following worksheets are Intended for use In devel
oping a management plan for wellhead protection

• Bylaw Summary Form and Wellhead ProtectIon
Worksheet (Worksheet C-7)

• Drinking Water Supply Contingency Plan (Worksheet
C-8)

• Chemical SpIll Emergency NotIfication and Docu
mentation (Worksheet C-9)

References (Sources of Worksheets)
Adams, S et aI 1992 Pilot Groundwater Protection Needs Assess

ment for Illinois American Water Company's Pekin Public Water
Supply Facility Number 1795040 DiviSion of Public Water Sup
plies, illinois EnVIronmental Protection Agency, Spnngfleld, IL

Massachusetts Department of Environmental Protection (MDEP)
1991 Guidelines and Policles for Public Water Systems (Revised,
OCtober 1991) MDEP, Division of Water Supply, Boston, MA, 182
pp + appendices

New York State Department of Health 1984 Emergency Planning
and Response-A Water Supply Guide for the Supplier of Water
New York State Department of Health, Albany, NY

North Dakota State Department of Health 1993 North Dakota Well
head Protection User's Guide Division of Water Quality, Bismarck,
ND

Ohio Environmental Protection Agency 1991 Guidance for Conduct
Ing Pollution Source Inventories In Wellhead Protection Areas
(Draft) OEPA, Division of Ground Water, Columbus, OH, 17 pp

Ohio Environmental Protection Agency 1992 Ohio Wellhead Protec
tion Program OEPA, Division of Drinking and Ground Water, Co
lumblls,OH



Worksheet C-1
Residential Potential Contaminant Source Inventory

(North Dakota State Department of Health, 1993)

DATE: _
PWS : _

WELLHEAD PROTECTION AREA SURVEY FORM
RESIDENTIAL

ThlS survey form 1S deslgned to 1nventory actlv1tles that may lm~act groundwater
quallty w1thln the publlC water supply wellhead protectlon area (WHPA).

~ 1 mile or 1 block~

1 I
I I
I I
I I

1-----+--------+----
I I
I I
I I
I I
I I
I I
I I
I I

1-----+--------+----
I I
I I

~
I
I

SECTION MAP
hlS map represents an entlre sectlon 0

land. Please take care to plot th
lbcatlon of the source to the nearest 1
cres (see ,nstructlons). ThlS map rna
lso be used to represent a one-bloc
rea.

Second Well:
Use/Name: ,-~~=~~~......- ...............-.....---.-(e.g., stock, fiouse, 1rrlgatlon)
Depth: Dlameter:
Depth to water: Pump~ln~g~ra~t-e~(~gallons per mlnute): _
What year was the well installed?
Locat1on: Townshlp Range ---WS-ec~t-Pion Quarters

(Please locate on thp. sect10nl6TOCk map prov~ ---

Name:
Addres-s-:------------
City:Phone:-------------

Please descr1be all water wells on the
property:

F,rst well:
Use/Name: ...__---.---.--.-------(e.g., stock, fiouse,
1rrl gab on)
Depth: Dlameter: __
Depth to water: ':"":'"" _
Pumping rate (gallons per mlnute): __
What year was the well lnstalled? __
Location: Township Range ___

Sectlon Quarters __
(Please locate on the sectlon/block
map provlded.)

Third Well:
Use/Name:

"'(-e.-g-.-,-s""t-o""ck"',-'-ho-u-s-e-,"'i-r-r,""g-a.,..tl....' o-n)
Depth: D1ameter:
Depth to water: Pump~ln-g--ra~t-e""(~gallons per mlnute): _
What year was the well lnstalled?
Locatlon: T~wnship Range ----S-ec~t-p'on Quarters

(Please locate on ~ectlonl6TOCk map provraea7)
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Worksheet C-1 (Continued)

Are there any abandoned well s on the property? _
If yes, were they plugged and how? __

If there 1S a sept1c tank/dra1n f1eld on the property, please descr1be:
Septic tank:
Locat10n:
etownsh1p'-,~r::::a:':n:"::g:=e-, """:s:":e:"::c':l:'t1:!":'o~n:-,-=.qu~a:-::r~t"="e r::::s:-,~o=r """:o:"'::lt:'l:h"="e=r-::d:r:::e~s"="cr::::l!":p:-:::t":!"l '::":on':":;:-"::a"-I':":so:-'!J-=o"="ca':":t::"::e=-on map)

Size: Depth: __ Year: Last pumped out: _

Draln f1eld Slze and locatlon: --------------------
Is there any heat1ng/fuel 011 storage on the property? Descrlbe: ___

Are there any 11vestock on the property? Descr1be elf farm, please use Farm
form):

Please descr1be any chem1cals used or stored on the property.Storage: . _

Usage: (fertil1zers or pesticides on lawns or gardens? what type?quant1ty? frequency?) __

0, sposal: _

Are there any floor dra1ns 1n your home or bUlld1ng that do not connect
to the C1ty sewer system? ~-~--------------------If so, what 15 d1sposed of there? __

Other problems or comments: __
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Worksheet c-2
Farm Potential Contaminant Source Inventory

(North Dakota State Department of Health, 1993)

DATE: _
PWS : _

WELLHEAD PROTECTION AREA SURVEY FORM
FARM

Th1S survey form is des1gned to inventory actlv1tles that may 1mpact groundwater
quality w1thln the wellhead protect1on area (WHPA).

~ 1 mile or 1 block~

I lI
I I
I I

1----+--------+----
I I
I I
I I
I I
I I
I I
I I
I I----+--------+----
I I
I I
L I
I I

SECTION MAP
hlS map represents an entire sectlon 0

land. Please take care to plot the
locatlon of the source to the nearest 1
cres (see lnstructlons). ThlS map may
lso be used to represent a one-bloc
rea.

water wells on the

Name:
Addres-s-:------------
City: _
Phone: _

Please descr1be all
property:

First well:
Use/Name: -r=--=---:::=::r.-'"""'r':="=""":!==~~~(e.g•• stock. house.lrrlgatlon)
Depth: 01 ameter: _
Depth to water: -:-:- _
Pumping rate (gallons per minute): __
What year was the well 1nstalled? _
Location: Township Range ___

Sectlon Quarters _____
(Please locate on the sectlon/block
map provided.)

Second Well:
Use/Name: ~~--='=~~=~':!'-=:=='="I'"(e.g•• stock. house. lrrlgatlon)
Depth: Diameter:
Depth to water: Pump~ln~g~ra~t~e---
(gallons per minute):
What year was the well-1~n~s~ta~t~1~ed?
Location: Township Range ---~Se~c~t~io'n Quarters
(Please locate on the sectlon map provlded.) ---- -----

Third Well:
Use/Name:

-r(e~.~g~.-.~s~t~oc~k~.~ho~u~s~e-. "'"!1~r~r1~g~a"l"'tl~0=n'}

Depth: Dlameter:
Depth to water: Pump~ln~g~ra~t-e~(~gallons per m1nute): __
What year was the well 1nstalled?
Locatlon: Tawnshlp Range ---~S~ec~t~ion Quarters
(Please locate on the sectlon map prov1ded.) ---- ----
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Worksheet C-2 (Continued)

Are there any abandoned well s on the property? _
If yes. were they plugged and how? ___

If there lS a septlc tank/draln field on the property. please descrlbe:
Septic tank:
Locatlon:

(townsh1P-."""':r::::a:":n:"::g:':'e-.-:s:-:e:"::c~t~10:-:n:-.·--=qu:-::a:-:r:::l:t~e'::'rs=-.--:::0'::r-o:-:tl:'l:h~e~r-d:r:e~s~c'::r~1 p:-:t::":!1-=oo::='n~; -:a:""l'l-=s~o~Io~c-=a'"J"'te~on map)
S1ze: Depth: Year: Last pumped out:
Draln field size and locatlon:-- ---------

Is there any heatlng/fuel 011 storage on the property? Descrlbe: ___

Please 11St the cr9Ps that you typlcally plant.

What is the total acreage that you farm? _

Please 11St each crop separately followed by the number of acres that
are generally ln that crop or the percentage of the total ln that crop.

Crop 11 acres or %
Crop 12 acres or %~--------
Crop 13 acres or %
Crop 14 acres or %,----------

# of YearsChemlcals appllegCrop'

Chemlcals (pestlcldes or fertillzers):

Please list the chemicals that you applled to each crop ln the last two years.

Volume
Kg/hectare/yr

Please descrlbe any chemlcal storage procedures and the name of the
chemlcals WhlCh you currently store. ___

Please describe any lrrlgatl0n or chemlgation practlces. _

Please descrlbe any chemlcal mlxlng practlces. _

Please desc~e your contalner dlsposal practlces. __
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Worksheet C-2 (Continued)

Are there any llvestock on the property? ___

Please llSt the types of llvestock, how many, and thelr locatlon. ___

Please descrlbe the locatlon, age, and deslgn of any feedlots. ___

Please descrlbe any manure storage on the property. __ ...

Do you have any underground storage tanks? If so, descrlbe thelr Slze,
locatlon, and contents. _ _

Do you have any above ground storage tanks? If so, descrlbe thelr Slze,
locatlon, and contents. __ _

Other problems or comments: _ __ __
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AGI\ICULTUI\AL CHEMICAL USAGE SUI\VEY
10 SYSTEM _

SOURCE NAME OR WELL NUMBER _

II any 01 the lollowmg crops or aetlYrtles have been muse or cunlYaliOn wrthm the last 25 years please oblam mlonnalion
on any of the following chem1Cals whIch may have been used In proxuruty to your water source Please check which
chemicals may have been used

INFORMATION SOURCE

Landowner__ CountyExtet1SlOnAgent__ Okla Dept ofAg __ CountySamlanan__
Other (Specify)

HORTICULTURAL

ALFALFA

o carbaryl (SevIO Carbamlne Denapen lllcarbam Hexavln KarbaSpray Nae Ravyon Septene Tereyl Tncarnum
Arllate Bercama NMC50 Caprolln)

o carbo'uran,3 hydroxycarboluran (Furadan)

o Dlnoseb (Basanne DIO~ro Dynamyte Premerge Vertae Weed Killer)

o Endolhell (Enclothall Aquatrol K Hydrothol191 HerblcKle 273 De,..-eate Accelerate)

o Melhomyl (Lannnate LV Melhomex Nudnn Meso""le Aeetimodle Acid)

o Melhoxyclor (Marlale Chemform DMDT)

o Metrlbuzln (Lexone 4L Lexone OF Sencor 4 Sencoral Sencorex Sencor OF Salule Turbo)

o Slm..lne (Aquaz,ne Prinoep Princap Caliber 90 Prlmatot S Srmadex Simanex)

ASPARAGUS

o Dlcembe (Banvel Banes Banex Banlen BlIJsh Buster D,anat Dmate Dloambe Medlben Mondak MDBA)

o Metrlbuzln (Lexone 4L Lexone OF Sencor 4 Sencoral Sencorex Sencor OF Salute Turbo)

o 2 4-D (Weedone Esteron Daeamme Weed B Gone Weed Rhap Am,ne 4 Butyl Ester 4 LV 4 LV 6 Aqua Kleen)

BARLEY

o Metrlbuzln (Lexone 4L Lexone OF Seneor 4 Sencoral Seneorex Sencor OF Salute Turbo)

o Elhylene dlbromlde EDB jBromolume E 0 Bee Kopfume Nephls Dowfume Sollbrome)

CLOVER

o Dlnosell (Basanrte Dln~ro Dynamyte Premerge Venae Weed Krller

o Endolhall (Endolhall Aqualrol K Hydrolhol191 Herbicide 273, Des ,-eate Accelerale)

CORN

o carbo!u,an 3 hydroxyearbofuran (Furadan)

o Mel,lbuzln (Lexone 4L Lexone OF Sencor 4 Sencoral Seneorex Seneor OF SaMe Turbo)

o Slm..lne (Aquazlne Pnneep Pnncep Caliber 90 Pnmalol S Simadex Simanex)

o End,ln (Endnn Nendnn Hexad"n)

AGI\ICULTUI\AL CHEMICAL USAGE SUI\VEY

.=J Undane (Undane lsotox Gamma HCH BHe)

o Melolachlor (Bicep Dual Ontrack Perman! PII11agram, Turbo)

o Methomyt (Lannate LV Melhomex Nudrin Mesomle AoetlmIdIc AcId)

o Plcloram (Torrion Amdon ACTP Borotin K Pm Acoes Grazon)

o Toxephene (Toxephene Camphochlor Motox Phenaclde Phenatox Toxakn Taxon 63)

o 2,4.1) (WeedofJe Esteren Dacamlne Weed B Gone Weed Rhap Amne 4 Butyl Ester 4 LV 4 LV 5 Aqua Kleen)

o Dlcamba (Benvel Banes Banex Banlen Brush Buster Osana' Olnate Oicambe Medlben Mondak MOBA)

o Alachlor (Lasso Lezo Pi1Iarzo Alazlne Bullet Lanat Freedom Nuder ~ra Rasdor)

o Alrazlne (Aatrex Alazlne Bullet Rhino Tomahawk BICOP Primextra Rastla)

o Heptachlor, heptachlor epoxlde (Heptachlor Orinax Heptox Temvde)

o Glypho..le (Roundup Rodeo Roundup L&G Landmaster)

COTTON

o carbo!uran 3-hydroxycarbofuran (Fu,adan)

o Endolhall (Endothall Aquatrol K Hydrolhol191 Herblclde 273 Des l-eate Accelerate)

o Melhomyl (Lannate LV Melhomex Nudnn MllSOIl1lle Aoetimldlc ACId)

o End,ln (Endnn NendrIn Hexadrin)

o Metolachlor (Bicep Dual Ontrack Pennant PlfMgram Turbo)

o Toxaphane (Toxaphene Camphochlor Molox Phenaclde Phenatox Toxakll Taxon 63)

o Alachlor (Lasso Lazo Pi1IalZo Alazlne Bullet Larlat Freedom Nuder ~ra Rasdo')

o Aldlcarb, aldlcarb sulfoxlda aldlearb sulfone (Temill)

o Dlbromochloropropana, DBCP (Nemafume Nemanax Nemaset Nemagon Fumazone NematOCide)

o Dxamyl (Vydate OPX 1410 OxamldlC Acid Thloxamyl)

o Glyphosale (Roundup Rodeo Roundup R&G Landmaster)

FOREST
o carbaryl (SevlO Carbarnlne Oenapen O,carbam Hexavln Karbaspray Nae Ravyon Septeno Terey! TnealOurn

Anlate Bercema NMC50 Ceprohn)

o Endrln (Endnn Nendnn Hexadrin)

o Lindane (lindane IsolOX Gamma HCH BHC)

o 2,4.1) (Weedone Esteron Oacamlne Weed B-Gone Weed Rhep Amne 4 Butyl Ester 4 LV 4 LV 6 Aqua Kleen)

o 2 4 5-TP Sll1Illx (SlIvex AquaVex Kurosal Oed Weed Kuren S,1vi Rhap, Oacamlne T Nox Fencender)

FRUIT TREES/BERRIES

o Melhomyl (Lannate LV Methornex NOOrin Meso",le Aoetlmldlc Acid)

o Endrln (Endnn Nendrin Hexadrm)

o Melolaehlor (BICep Dual Ontrack Pennant Plmagram Turbo)

o Olbromoehloropropane DBCP (Nemafume Nemanax Nemeset Nernagon Fumazone Nematocide)

o Oxamyl (Vydale OPX 1410 OxarnldlC Acid Thloxamyl)
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AGRICULTURAL CHEMICAL USAGE SUI\VEY

o Unclallll\.lllc:bno, Isoloor~HCH. BHC)

o LItIIIoxychlor (14tIaI. ChomIocm, DI.IDll

o SImuIIlI (Aquamo Prlncep Prfn:ep Ca8:ler 90 Pm1GId S SCnader.SO-)

o Dlnoub (Ba"Il(, Dlnilto,~.. PremetgO, VOlI:lC \Veed IIih)

o Glyph_Ie (1lourWp Rodeo RounOOp R&O landmaot'r)

o Clrtlllryl(S<Mn,CllIbamino Donapoo Dlautlam,Hexavln.Ka<baspray Nac.Ravyon Seplene Torcyl Tricamum
Mlale El¥cema NMcso CapIoin)

GRAIN SORGHUM

o Clrbolunln,3 hycltoxycarbolunln (Futa<lan)

o Undan. (lmdane Isotox Oomma HCH. SHe)

o Metolachlor (B"""" Dual, Onlrad< Pennant PlII1II9ffiII1, TUlbo)

o 2,4-0 (Weedone Esteron DacamIno Weed B Gone Weed Rhap Arrme 4 Butyl Esler4 LV 4 LV 6, Aqua Kleen)

o Dlcamba (Banvel Banes Ban... BanleR, Brush Buster Diana!, DlIlalelltcani>e, Medb!n MondaI<. MOBA)

o Al1az1ne (Aalrex Alazme Bullet Rhino. Tomahawk ElIcep Prirnextra. Raslra)

o D1noseb (Basolllle DmllrO Dynamyte PrerT1eflJO VOf1ac Weed KiIef)

o Heplachlor, heptachlor epoxlde (Heplachlor Dnnox, HepIOoc TemIde)

o Melhorny) (LannaIe LV Melhornex Nudnn Mesomile Acelmcfjc Aad)

o Aldlcarb, .Idlcarb sulloxlde aldlcarb sullone (Temi<)

o carbaryl (S"",.. Carbamlne Denapon lJIcarllam He"""", Karbaspray N3c Ravyon Seplene Torcyl Tl1COlTlIm
Arilal. Bercema NMCSO CaprohnJ

o Glyphosale (Roundup Rodeo Roundup R&O Landrnaster)

o AI.chlor (lasso Laze. Pillarzo Alazm. Bullet lanai Freedom, Nudor ExIra Rasdc<)

GREENHOUSES

o Carbaryl (S"",n Carbamme Denapen lJIcarbam. Hexavm Karbaspray Nac Ravyon Seplene Torcyl Tncamum
Anlole Bercema NMCSO Caprol"mJ

o Oxomyl (Vydale DPX 1410 Oxamdic Acld Thoxamyl)

o Undane (lIndan. lSOlox Gamma HCH SHe)

LAWNITURFGRASS

o Carbaryl (S.Vln C.rbamme Denapon lJIcarllam H.XOWl Karbasplay Nac Ravyon Seplene Ten:yI, Tncamurn,
A"taI. Bercems NMCSO CaproImJ

o Glyphosale (Roundup Rodeo Roundup R&G Landrnast.r)

o 2,4-0 (WeeOOn. Esteron, Dacamlne Weecf.B-Gcne Weed Rhap AmIne 4 Butyl Ester4 LV 4 LV 6 Aqua Kleen)

o Dlcamb. (Banvel Banes Ban... Banl.n Brush Buster DIana! Dma1e lJIcambe.l.lediJen, Mondak. MDBA)

o Dlbromochloropropane. DBCP (Nemalume Nernanax Nemasel Nemagon Fumazone NematOCld.)

o Slmazlne (Aquazme Pnncep Pnncep Caliber 90 Pnmalol S Somadex SIn1anex)

o Endolha1l (Endolhall Aqualrol K Hydrolhol191 HI!II>Cl<fe 27J D....caIe Accelerale)

AGRICULTURAL CHEMICAL USAGE SURVEY
~_. __.-

.J o.lIpon (DaIepon, Dowpon Bameoc P Gr.anIeYln, Konapoo, Uropcn, U"""" RIIY1Il1QO MIl... Decf.Weecl. DoV!pcn)

o MoIrlbutln llOI<OnO 41,L_OF Senc:cr4 SIlnCOIllI, S«nc:om, Soncor OF SI1lIo, Turbo)

o ldeIhomyi (lannate LV Mothomeoc, NudlIn M_e AcetlmIdlc AcId)

o },\I'_ (Aalrex AIazlne Buret, Rhino, TOlllllhawl< BIcep Prirnextra. RlLtIra)

o DIltuaI (Aquaclde Dextrone WeecfIrlrl.D,1;qullldl)

MELONS

o Dlbnlmochloropropone, DBCP (Nemalume, Nemanax Nemasel, Nemagon Flunazone Nema1oclde)

o Melhomyl(lannateLV Methomex Nudrln Mesorrile AcellrnIcf"AcId)

o Oxamyl (Vyda1.. DPX 1410 Oxamld1c Acld ThIoxamyl)

o Melrlbuzln (lexone 41, Lexone OF Sencor4 Sencoral Sencor.. Sencor OF SaJuI. Turbo)

o Dlnoseb (Basanote DiMro~.. premerge Vortae Weed KIll...)

o Undane lUndane ISOlox. Ganvna HCH BHC)

o Methoxychlor (Marlale Chernlonn DMDll

o Al1azlne (Aolre. Nazlne, BuRet RhlllO Tomahawl< Bleep Prfmextra Rastra)

o ChlordlllMl (ChIorKil Geld Crest C 100 0Cla KIor. Chloralox)

o Elbylenecllbrornlde,EDB(Bromolume EDBH Kopfume Nephl. Dowlume SoiRlrome)

o Glyphoale (Roundup Rodeo AounOOp R&G landmaster)

o Clrbaryl (Sevin Carbamlne Denapon Dicarbam Hexavln Karbaspray Nac, Ravyon Sept.ne Tereyl Tllcarnum
Male Bercema NMCSO CaproIinJ

o Alac:hlor (lasso Lazo PiIIano A1az1ne Bulet lari.1 Freedom Nudor ExIra R.odor)

o S/mazlne (Aquazlne Pnncep Pnncep Caliber 90 Pnmalol S Simadex Slmanex)

o Melolacl>IOl' (8""""" Dual Onl1ack Pennant. Plmagram Tlnbo)

o 24-0 (W.edon. EsI.ron, Dacamm. Weec!'B-Gone Weed Rhap AmIne 4 Butyl Ester 4 LV 4 LV 6 Aqua Kleen)

o Dalapon (Dalapon Oowpon Bas,""" P Gramevln Kenapon Uropon UnlpOl1 Reveng. A1atex Oed Weed D.Vlpon)

ORNAMENTALS/NURSERY STOCK

o Mothomyl (lannateLV MeIhom.. Nudan Mesomil. Acetimld1c AcId)

o Endlln (Endnn Nendnn HOl<3dnnJ

o Melolac:hlor (Bleep, Dua~ Onlrack Pennalll P_m Turbo)

o Dlbromechloropropane DBCP (Nernafume, Nems... N.masel Nomagen Fumazon. N.matOCld.)

o Oxemyl (Vydale DPX 1410 Oxame.. Acxl lh10xamyQ

DUn_ (\Jndane ISOlOX Gamma HCH BHC)

o Methoxychlor (Marlal. Chemlonn DMDll

o AI_b, aldlcarb suI'oxlde, • .dlcat!> sul,one (T.mIkJ

o Carbaryl (S"",.. carbamm. Denapon lJIcarbam H.xaVln Kalbaspmy Nac Ravyon Sepl.n. T.rey~ Tncamum
Anlale Bercema NMCSO Caproin)

o Al1az1ne (Aolfex A1az1n. Bulet Rhino Tornahewl< BICep Prlmexlra Rastr'J
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AGftlCULTUftAL CHEMICAL USAGE SUftVEY

o Chlordsne (ChlotKflI Gold Crest cIao OCta Klor Chlorotox)

o Slmazlne (Aquazme Pnnoep Pnnoep Caliber 90 Pnmalol S Simadex 51manex)

o Glyphosale (Roundup Rodeo Roundup R&G Landmaster)

PASTUREIRANGElAND

o carbaryl (SeVIn Calbamme Denapon D1calbam Hexavm Kalbaspray Nac Ravyon Seplene Tercyl Tncamum
Anlale Bercema NMCSO Caproiln)

o Alrazlne (Aalrex Alazme Bullet Rhmo Tomahawk BIcep Pnmexlra Rastra)

o 24-D (Weedone Esteron Dacamme Weed B Gone Weed Rhap Amme 4 BUIyI Esler 4 LV 4 LV 6 Aqua Kleen)

o Melrlbuzln (Lexone 4L, Lexone OF Senoor 4 Sencoral Senoarex Senoer OF Salute Tutbo)

o Plolo..m (Torden AIndon ACTP Borolln K Pm Acces Grazon)

o O'.::s-b.. (Bart a1 Banes 8<ln~ Sanls., Brush Bo...esler Diana! Ornate Olcambe MedibPn Mondak MDBA)

PEANUTS

o carboluran,3 hydroxyoarbofuran (Furadan)

o Methornyl (lannate LV Melhomex Nudnn Mesomole Acel"fl1dlc Acid)

o "'elolachlor (Brcep Oual Ontraok Pennanl Plmagram Turt>o)

o Alachlor (Lasso Lazo Prllarzo Alazme Bullel Lariat Freedom. Nudor Extra Rasdor)

o Oxarnyl (Vydale DPX 1410 OxamrdlO Acid Thloxarnyl)

o Dlbfornochloropropan. DBep (Nemafum. Nemanax Nemaset Nemagon Fumazone Nemaloclde)

o carbaryl (SeVln Calbamme Denapon Olcarbam Hexavm Karbaspray Nac Ravyon Septene Telcyl Tncarnum
Anlale Bercema NMCSO Caproiln)

PECAN/NUTS

o D1noseb (Basall1\e Dlll1\ro Dynamyte Premerge Voriac Weed Killer)

o Melol.chlor (Bicep Dual Onlraok Pennan1 Plmagram Tutbo)

o Dlbromochloropropane DBOP (Nemalume Neman.. Nemeset Nemagon Fumazone Nemaloclde)

o lindane (LJndane Isotox Gamma HOH BHC)

o Aldlcarb aldlcarb sulfoxide aldlcarb sulfone (Temik)

o Slrnazlne (Aquazlne Pttnoep Pnncep Caliber 90 Pnrnatol S Srmadex Simanex)

o Glyphosate (Roundup Rodeo Roundup R&G Landmaster)

POTATOES

o Dlnc••b (Basall1\. Dmrtro Dynamyte Premerge Vertac Weed Killer)

o carboluran 3-hydroxycarboluran (Furadan)

o Melolaehlor(BlOep Dual Ontraok Pennant Plmagram Tutbo)

o Alaehlor (lasso Lazo Pillarzo Alazme Bullel Larlal Freedom Nudar Extra RasdO<)

o "'etrlbuzln (Lexone 4L Lexone OF Senoer 4 Sencoral Sencerex Senoer OF Salule Turbo)

o Endolhall (Endothall Aquatrol K Hydrolhol 191 Hetbrcrde 273 Des ,-cale Accelerate)

o Dlquat (AquaClde Dextrone Weedlnn 0 AQuaklll)

AGftlCULTUI'tAL CHEMICAL USAGE SUI'tVEY

RICE
o Butaehlor (Bulachlor Lambast Almchlor)

SHALL GRAINS

o Pleloram (Tordon Amdon ACTP Borerm K Pin AcCles Gmzon)

o Dlcarnba (Banvel Banes Banex Banlen Brush Buster Olanat Dinate Dlcambe Medlben Monolak MDBA)

o carbofuran 3-hydroxycarboluflln (Furadan)

o Endrln (Endm Nendrin Hexadnn)

o Toxaphene (Toxaphene Camphochlor Motox Phenaade Phenatox Toxak~ Toxon 63)

o Heplachlor heplaclllor epoxlde (Heplachlor Drmox Heplox TenTllde)

o 24-0 (Weedone Esteron Dacamlne Weed B-Gone Weed Rhap Arnlne 4 Bulyl Ester 4 LV 4 LV 6 Aqua Kleen)

o Ethylene dlbromlda EDB (Bremolume E 0 Bee Koplume Nephls Dowfume Solibrome)

o Glyphosale (Roundup Rodeo Roundup R&G Landmaster)

o Methornyl (Lannate LV Melhornex NOOnn MllSOI11Ile AcellmKfIO ACld)

o lindane (Unolane lsotox Gamma HCH BHe)

SOYBEANS/POD CROPS
o carboluran 3-hydroxycarboluran (Furadan)

o Methornyl (Lannate LV Methomex Nudrln Mesomite Acetonldlo ACld)

o Metolachlor (Bloep Dual On1rack Pennant PlfT13gram Tutbo)

o Alachlor (Lasso Lazo Pillarzo AlOlIne Bulle! lariat Freedom Nuder Extra Rasdor)

o Aldlcarb aldlcarb sulfoxide aldlcarb sulfone (Temik)

o Dlbromochloropropane, DBCP (NomafUme Namanax Nemasel Nomagon Fumazone Nematocide)

o OXsmyl (Vydale DPX 1410 OXsmkflO Acid Thloxarny~

o Melrlbuzln (lexone 4L, Lexone Ill' Sencor 4 Sencoral Senoerex Sencor OF Salute Tutbo)

o Dlnc••b (BasanKe DlIl1Iro Oynamyle Premerge Vertae Weed Killer)

o Glypho..l. (Roundup Rodeo Roundup R&G Landmaster)

o carllaryl (SllYIn Calbarrnne Denapon lllcalbam Hexavln Katbraspray Nao Ravyon Seplene Tercyl Tncarnum
Anlat. Bercema NMCSO Caprolin)

SWEET POTATOES

o Aldlcarb akllcarb sulfoxide, afcllcarb sulfone (Temik)

o Glyphosale (Roundup Rodeo Roundup R&G Landmast.r)

VEGETABLES

o Melhornyl (Lannate LV Methomex NOOnn Mesomite AcetlmkflO ACld)

o Dlbromoehloropropan. Deep (NemafUme Neman.. Nemeset Nemagon Fumazone Nematocide)

o Oxamyl (Vydate DPX 1410 Oxamldlo Acid Thloxerny~
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AGRiCULTURAL CHEMICAL USAGE SURVEY

o Melrlbuzln (lexcno 4L.Loxono OF Sencor 4 Sencorol S"""",ell, Sonccr OF Solul. Turbo)

o Olnooeb (ea..""e lllllllto, Dynamyle Premerge VorIac Weed Klllet)

o Undine (Undon. Is«ox GalMlll HCH 1lHC)

o Melhoxyclllor (Marlalo Chemlorm, 1JiMDl)

o Atrazlne (Alllrex Alazlno Bunel Rhino Tomahawk Bicep Prime"'ra Raslra)

o Chlordane (ChlorKill Gold Crest C 100 Octa KIor Chlo<olox)

o Ethylene dlbromld•• EDB (Bromolum., E 0 Be. Koplume Nophls Dowklme SoIlbrome)

o Glyph_'e (Roundup Rodeo Roundup R&G Lo_or)

o Corbaryl (Sevin, Colbamln. Denapon D1calbam, Hexavin Karbospray Nac, Ravyon Seplena Toreyl Trlcamum
Malo Bercema NMCSO Coprolin)

o Alachlor (Lasso Lazo P,lIarzo Alazme Bullel Larlal Freedom Nuder Exira Rasdor)

o Slmazlne (Aquazme Pnncep Pnncep Caliber 90 Primatol S Srmadex 51manex)

o Melolachlor (BICOP Dual Onlrack, Pennanl P,magram Turbo)

o 2A-D (Weedono EsIelOn, Oacamrna Weed B Gone Weed Rhap Amino 4 Butyl Esler 4 LV 4 LV 6, Aqua Kleen)

o Dalepon (OaJapon Dowpon, Basrnax P Gramev,n Kenapon Uropon UnJllOl1 Revenge A1alex Oed Weed Oev,pon)

WHEAT
o Metrlbuzln (laxone 4L Lexone OF Sencor 4 Soncoral Sencorex Sencor OF Salule Turbo)

o Lindane (Undano ISOlox Gamma HCH BHC)

o Ethylene dlbromlde EOB (Bromolume E 0 Boe KopllJme Nephls Oowlume Sollbrome)

o Hexachlorobenzene (HeB Anbcane Ceku 0 B No Bunl)

o Melhomyl (Lannale LV Melhomex, Nudrin, MesomRe AceI,mldic ACId)

o Glyphosal. (Roundup Rodeo Roundup R&G Landmaster)

o Carbaryl (SOYln Carbamine Danapon o.carbam Hexavm Karbaspray Nac, Ravyon Seplene Tercyl Tncamum
Male Bercema NMCSO Capronn)

o CarboflJran 3 hydroxycarbo'uran (Furadan)

LIVESTOCK

DAIRY/BEEF CATTLE

o Llndone (Lmdane Isoto. Gamma HCH BHC)

o Methoxychlor (Marlalo Chamfonn OMOT)

o Toxaphene (Toxaphine Camphochlor Molox Phenaclde Phenatox ToxakR Taxon 63)

o Methomyl (Lannale LV Melhomex Nudnn Mesomlo Acelrm1<lJc Acld)

HORSES
o Llndone (londane ISOlox Gamma HCH BHC)

AGRICULTURAL CHEMICAL USAGE SUI\VEY

HOUSEHOLD I'ETSIKENNELS
o Llndlne(Undane 1_ GamnaHCH,BHC)

o Carbaryl (Sevin, Catbamlne Denapoli, Dlcarbam Hexovln I<a/ba$p<ay Nac Revyon, Septene Te«:yI, Trlcarnum
ArIale Be"",ma NMCSO Capronn)

o Heplachlor l1eplachlor epc.RIo (Heptachlor Orinox HopIo. Tennk!<l)

I'OULTRY
o Carbaryl (Sevin Corbamlne Oenapon, lllcaIbam Hexevin, Karbaspray Nac, Ravyon Seplene Toreyl Trlcamum,

Male Ben:ema NMCSO Capronn)

o Methomyl (LannateLV Methomell, NOOrin, Mesomlle AceI1m1dlc Add)

SHEEP/GOATS
o Lindane (Undane lsolo. GalMlll HCH BHC)

o Melhoxychlor (Marlale Chemlonn OMOT)

SWINE

o Lindane (Undane tsolOx Gamma HCH BHe)

o Methoxychlor (Marlale Chemlonn OMOT)

ENVIRONMENTAL

AQUATIC WEEDS

o Olqual (Aquaclde Oextrone, Weedtrln 0 Aqua1oll)

o Endolhall (Endothall Aquatrol K. Hydrolhol 191 Herbicide 273, Oes-l-eate Acclllerale~

o 51mezlne (Aquazlne Princep Princep Caliber 90 Primalol S 51madax 51manax)

o 2,4-0 (Woeclone Esleron Dacamlne Weed B-Gona Weed Rhap AmIne 4 Bu1yl Ester 4 LV 4 LV 6 Aqua Kleen)

o Glyphosale (Roundup Rodeo Roundup R&G La_er)

/ DRAINAGE DITCHES

o Dafapon (Oalapon Dowpon Basmex P GramaVln Kenapen, IJropon Umpon Revenge Alatex Oed Weed OeVlponJ

o Olquat (Aquaclde Dexlrone WeedJnn.O Aquala!)

o Endothall (Endolhall Aquairol K. HydlO1hol191 Herlxclde 273 Des l-eale Accelerale)

o 51mazlne (Aquazlne Pnncep Princep Caliber 90 Pornatol S Simodex S,manax)

o 24 0 (Weedone Esloron Oacamlne Weed-B-Gone Weed Rhap Amine 4, Butyl Esler 4 LV 4 LV 6 Aqua Kleen)

o Glypho...'. (Roundup Rodeo Roundup R&G Landmaster)

MOSQUITOfGRASSHOPPER CONTROL

o Oleldrln (HEODO Alvrt QUllllOX OcIalo.)
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AGftlCULTUftAL CHEMICAL USAGE SURVEY

RIGHTS OF WAY

o Dalapon (Dalapan Dowpon Basmex P Gramevm Kenapon LJropon Umpon Aevenge Alalex Oed Weed DeVlpon)

o Olcamba (Banvel Banes Banex Banlen Brush Buster D,anat D,nale Dleambe Mediben Mondak MDBA)

o Glyphosale (Aoundup Aodeo Aoundup A&G Landmasler)

o Metolachlor (Bicep Dual Onlraok Pennant Plmagram Turbo)

o Plcloram (Tordon Amdon ACTP Boronn K Pm Acees Grazon)

o Alrazln. (Aatrex Alazme Bullet Ahlno Tomahawk Bicep Pnmexlra Aastra)

STORAGE, WAREHOUSE, HOUSEHOLD FUMIGANTS
o Melhoxychlor (Marlate Chemtorm DMDT)

o Ethylene dlbromlde, EDB (Bromofume E 0 Bee Kopfume Nephls Dowfume Solibrome)

o Penlachlorophenol PCP (Ooweide EC 7 Penchloral Penta Penlacon Penwar Weedone)

STRUCTURAUHOUSEHOLD PEST CONTROL

o Aldrin (Aldnn Aldrex A1dnte Seednn)

o Oleldrln (HEODD A1vrt QUintox OCtalox)

o lindane (lindane Isotox Gamma HCH BHC)

o Methoxychlor (Marlate Chemform OMDT)

o Chlordane (ChlorKln Gold Crest C 100 OCla Klor Chloratox)

o Heplachlor heptachlor epoxlde (Heptachlor Onnox Heptox Ter"""e)

o Pentachlorophenol PCP (Dowcrde EC 7 Pencllloral Penta Penlacon Penwar Weedone)

o carbaryl (SeVIn Carbamlne Denapon Dlearbam Hexavln Karbaspray Nac Aavyon Seplene Tercyl Tncarnum
Anlate Bercema NMCSO Capro,n)
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Worksheet C-4
Transportation Hazard Inventory (Ohio Environmental Protection Agency)

1. Facllity Narre. _

2. Describe facl1 ity type. _

3. Describe Location, _

4 Hap No., _ 5. Hinil1lJlll Distance from nearest public well .11

, 6. List potential pollutlon sources (operatlon and constructlon informatlon) __

7. Describe any past pollution lncidents, ..... __

8. Date of installation (plpelines), _

9. Additional Information (protection measures, handling practices, etc.)
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Worksheet C-5
MunicipallCommericaUindustrllal Potential Contaminant Source Inventory Short Form

(Adams et al., 1992)

1. FACILITY NAME:

2. FACILITY ADDRESS:

3. OWNER/OPERATOR/OTHER:

4. TYPE OF BUSINESS:

5. TYPE OF HAZARD OBSERVED:

6. ARE STORAGE TANKS PRESENT? Yes NO
(IF NO, SKIP TO-quESTION~

A. IF YES, ARE THE TANKS ABOVE GROUND (AG)
BELOW GROUND (BG) :::

a.) IS SECONDARY CONTAINMENT PRESENT? YES NO
INTEGRITY?

TANK 1
TANK 2
TANK 3
TANK 4
TANK 5
TANK 6
TANK 7
TANK 8
TANK 9
TANK 10

AGE SIZE
ITEMIZE

TANK MATERIAL
MATERIAL

STORED AG/BG

B. COMMENTS: Owner Darrell Becker
Tank Pressure Tested Annually

7. ARE SOLVENTS PRESENT? YES NO
(IF NO, SKIP TO QUEsTTcrN 8) ---

STORAGE ITEMIZE
TYPE METHOD QUANTITY

SOLVe I

SOLV. Z

SOLVe 3

SOLVe 4

SOLVe 5

A. COMMENTS:

DISPOSAL
METHOD USE
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Worksheet C-S (Continued)

PAGE 2

8. IS THE FACILITY SEWERED? YES NO

A. ARE THE FLOOR DRAINS CONNECTED TO THE SEWER? YES
NO

B. COMMENTS: No floor draIns present.

9. IS THE FACILITY SUBJECT TO AN ENVIRONMENTAL REMEDIATION?
YES NO (IF NO, SKIP TO QUESTION 10)

A. IF YES, WHAT TYPE OF REMEDIATION?

B. IS THIS REMEDIATION CURRENTLY UNDER AGENCY
LITIGATION, VOLUNTARY CLEAN-UP, OTHER?

C. COMMENTS:

10. ARE THERE ANY PHYSICAL OBSERVATIONS WHICH MAY INDICATE A
POTENTIAL HAZARD TO THE GROUNDWATER? YES NO

(IF NO, SKIP TO QUESTION 11)---
A. IF YES, DESCRIBE:

B. COMMENTS:

11. SUMMARIZE THE RESULTS OF THE FINDINGS ENUMERATED ABOVE,
AND INDICATE THE DEGREE OF POTENTIAL HAZARD THIS
·FACILITY MAY POSE TO THE GROUNDWATER.

ThIS faCIlIty stores petroleum below ground, is withIn the
capture zone of the wells. Therefore, Beck Oil Co. appears
to pose a SIgnIficant hazard to the future securIty of the
publIC water supply.

INSPECTOR:
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Worksheet C-6
Municipal/Commerical/lndustrial Potential Contaminant Source Inventory Long Form

(Adams et al., 1992)

HAZARD REVIEW WORKSHEET

Unlque I 0 Humber _

2 Nature of Buslness

3 DLPC Permlt Number(s) and Descrlptlon (e 9

4 DAPC Permlt Number(s) and Descr,ptl0n

Dlstance and Dlrectl0n from the Wellhead

RCRA Generlc S011d Waste. UIC. etc)

5 DWPC Permlt Numbers and Oescrlpt;on (e 9 • NPDES Industrlal Pre-Treatment. Sewer Plans, etc)

6 ERU Incldents and Descrlptlon

; ERU 313 Reports and Descr,pt,on

a ESPA 302/303 Reports and Oescrlptlon

9 ESPA 311/312 Reports and Descr~ptlon

10 PWS comol1ance monltorlng conducted and descrlbe the results (e 9 • VOC/VOA sample detects
etc )

11 ISFH llst the underground storage tanks reglstered. provlde the owner name and address

Owner Name

12 Is the s1te sewered or non-sewered'

If the s1te 1~not sewered. descrlbe

Address



Worksheet C-6 (Continued)

13 Has on-Slte~ or areseot landfl11iog. land treatlog. or surfaca lmpouncment of waste. other
tnan lanDscaae waste or constructl0n and Demolitlon DebrlS occurred?
[ J Yes. If yes. descrlbe

No.

14 Are there currently any on-slte o1les of soeclal or hazaroous waste?
[ J Yes. If yes, descrlbe.

No.

IS. Are on-slte pl1es of~ (other than speclal or hazardous wastes) managed accorolng to
Agency gUldelines?
[ J Yes.

[ J No If no. descrlbe

16. Are there currently any underground storage tanks present on-slte. and wll1 any underground
tanks be lnstalled ln the future'
( ] Yes If yes. descrlbe

No

-'al "'''s any sttuatlonls) occurreD at thlS :nte walch resulted ln a "release" of aoy hazardOUS
SUbstance or petroleum?

Yes (continue to next questlon)
No (stop herel

(b).

(
[

Have any hazardous substances or
the ground surface at thlS s1te?
covered areas that may stl11 have
grounD. )

Yes (continue to next questlon)
No (stoP here)

petroleum. wOlch were released come lnto contact wlth
(Nate--dO not automatleally exclUde paved or otherwlse
allowed chemlcal SUbstances to penetrate lnta the

(c).

[

(

[

(

(

(

(

(

[

Have any of the followlng actl0ns/events been assoclated wlth the release(s) referred to
ln questl0n 17(b)'

Hlrlng of a cleanup contractor to remove ObVlous1y contamlnated materlals lncludlng
suosolls

Replacement or maJor repalr of damaged facl1ities

Asslgnment of 'n-house malntenance staff to remove oovlously cootamlnated materTals
lncluding suosol1s

J Oeslgnation. by IEPA or the ESDA. of a release as NSlgnlficantN under the 1111nols
Chemlcal Safety Act

J Reordering or other replenishment of inventory due to the amount of SUbstance lost
\

J Temporary or more 10ng-te~monltorlng of graundwa\er at or near the s1te

J stop usage of an on-Slte or nearby water well because of offenslve characterlsttcs of
tne water

J Coplng Wltn fumes from SUbsurface storm dratns or lnSlde basements

] Signs of substances leachlng out of the ground along the base of slopes or at other
low pOlnt5 on or adJacent to the s1te

254



Worksheet C-6 (Continued)

'd) The on-slte release(s) ~ nave been or sufficlent magnltude to contamlnate
groundWaters $ummarlze the problem

18 Are there more than 100 gallons of elther pestlcldes or organlc solvents. or 10,000 gallons of
any hazardous sUbstance or 30 000 gallons of petroleum present at any tlme'

Yes If yes descrlbe

NO

'19 00 any of the regulated entltles have groundwater monltorlng systems. and have any exceeded
compllance requlrements'

Yes If yes. descrlbe

NO

:0 After conslderlng all of the above crlterla does thlS s1te potentlally pose a hazard to
'1roundwater'

] Yes If yes descrlbe

] No

RC Jmm/sp0867K/1-5
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Worksheet e-7
Bylaw Summary Form and Wellhead Protection Worksheet

(Massachusetts Department of Environmental Protection, 1991)

Bylaw Summaa FOnD

To be Regulatory
Addressed Authonty Section

Extstml: Controls
ProhIbit/Restnct

Please note with an (X) If controls eXIst to regulate the follOWIng land uses/actIVItIes If
controls are currently under consIderatIon, mdIcate With an (X) m the ''To Be Addressed"
column. For all eXIStlng controls, CIte the authonty for regulatmg land use and the
appropnate bylaw or regulatIon

1. LandfIlls and open dumps
2. Landfilling of sludge or septage
3. AutomobIle graveyards/Junkyards
4 StoCkpiling/dISpOSal of snoW/Ice

contalmng de-Icmg matenals
5. IndIVIdual sewage dIsposal systems

exceeding 110 gals/quarter acre or
440 gals/acre

6. Wastewater treatment plants except
for replacement, reparr, or systems
treatlng contammated ground or
surface water

7. FacIlItIes that generate, treat,
store or dispose of hazardous waste
other than very small quantIty
generators, household hazardous
waste collectIon, waste OIl retentIon,
treatment works asSOCIated With
groundwater cleanups

8. Storage of sludge and septage
9. Storage of deIcers unless m

proper bwldmg
10. Storage of commerCIal fertIlIzers

unless in proper structure
11. Storage of manure unless m

proper structure
12. Storage of liqmd hazardous matenals

unless in proper contamer
13. Soil removal/replacement WIthm

four feet of the water table
14. Storage of liqmd petroleum

products other than household
use, waste oil retentIOn, emergency
generators or treatment works

15. Makmg impemous >15% or 2500 ft2
of any lot without artIfiCIal recharge

PLEASE ATTACH COPIES OF REFERENCED BYLAWS AND REGULATIONS
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Worksheet C·7 (Continued)

GUIdelInes and PolICIes for Pubh,:: Water Systems • 1991 Edltton
Appendix E • Bylaw Summaty FOrm and Wellhead ProtectIOn QuestIOnnaIre Page 2

Wellhead Protection Questionnaire

I. Name of Applicant

MumCIpal contact person

Address.

Phone number'

Commumty m WhICh the proposed new source IS located

If thIS wellhead protectIon questIOnnarre accompames a request for the approval of a
Zone II for an existmg sourc1e(s), please check here __

Please respond to the follOWIng questIOns. If the apphcant IS not a mumcipallty, It may be
necessary to obtam mformatton from appropnate local offiCIals

II. Wellhead Protection Prionti.§

Rank in order of Importance (1 hIgh - 6 low) the follOWIng mumClpai management pnontles
for the town In WhICh the Zone I for the proposed well IS located Please mdlcate WIth an
(X) If some lIDttative IS underway In a gIven area.

Set up representattve water protection committee
Coordmate WIth adjacent towns, watershed assoCIations or other groups to
enhance multI-town proteetton efforts
Improve bylaws, regulattons andlor zonmg
Improve enforcement and local reVIew
Fmancmg for wellhead protectlon
Other (descnbe).

III. Intermunicipal Relations

1. Is any of the estlffiated recharge area of the proposed new source located m an adjoming
commumty(Ies)? YES NQ

If so, please lISt the Recharge Area (Zone I, IT, ill) and commumty(les}.

2. llit the commumttes that have estunated or delineated aquIfer recharge areas m the
commumty In whlch the proposed well IS located.
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Worksheet C-7 (Continued)

GUIdelines and PolICIes for PublIc Water Systems - 1991 EdItIon
Appendix E - Maw SummaO" Form and WeUhead ProtectIon QuestIOnnaIre Page 3

3. Do you antICIpate that any of the estImated Zone II for the proposed well IS threatened
by actIons or actIVItIes m an adjacent commumty? YES NQ

4. Is the commumty m whIch the new source IS located mvolved m any mtermumclpal
actIVItIes related to wellhead protectIon WIth the commumtIes lIsted In 1 and 2 (above)?

YES NO

Briefly descnbe. _

IV. Existin~ and Potential Public Supply Well Concerns

1. POSSIble ground water problems may be assoCIated with existing land use in the estImated
Zone II of the proposed well.

Does the estImated Zone II contam.

Industry
Commercial busmesses
Vacant land zoned for mdustry or commerce
Non-sewered residences
Landfills

What are the residentIal lot sIZe requirements 1D the estImated Zone II (i.e., one acre
zoning, etc.)?

What percent of the estlmated Zone n 15 sewered? _

2. Have any water supplies in the mumcipality been contaminated? If yes, please descnbe
briefly.
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Worksheet C-7 (Continued)

GUIdelInes and PolICIes for PublIc Water Systems - 1991 EdItion
Appendix E • Bylaw Summary Form and Wellhead ProtectIOn QuestIOnnaIre Page 4

3 Water supply concerns for the overall supply system to WhICh the new source wIll
contrIbute After you have noted specIfic concerns, please mdIcate If you feel they are
bemg adequately addressed

Is this concern being addressed?
madequate water 'Supply (dIfficulty
meeting peak seasonal demands)
madequate supply (long-teIm)
decreasmg Yields
pOSSIble need to add treatment
(such as filtratIOn, etc)
lack of drought!emergency plannmg

v. Existm2 Control Mechamsrns

Resource Management ActIVitIes

Yes
Yes
Yes

Yes
Yes

No
No
No

No
No

Yes = currently m place
N/ A = not applIcable

Please use the follOWing code In your response

un = under development
NAD = not addressed

? = unfamIlIar With actIVity

AquIfer protection dIstnct or water supply proteeuon dIStnct
Inventory of potentIally threatemng land uses
Cluster zonmg
Nutnent loadmg hmlts or other performance standards
Qpen space zonmg

SeptIC system design, placement and management
ProhIbItion or lmllted use of septic system cleaners
Pnvate well conbtructIOn regulatIOns and/or penodIc InspectIOns
HerbIcide/pestICide control or Integrated Pest Management program
SIte plan reView

Temporary building moratona (purpose.~~__-:-- )
SubdIViSIon development (I.e., controls-for dramage)
Stormwater management
Land AcquiSItiOn Program
Household hazaJrdous waste colleeuon

Used motor oIl colleeuon
Early warmng momtonng system for groundwater proteeuon
ModIfied road salt application In water supply areas
Water conservatIon program
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Worksheet C-7 (Continued)

Guidelines and PolICIes for PublIc Water Systems - 1991 EdItIOn
Appendix E - Bylaw Summaty Form and Wellhead ProtectIon QuestIQnnaIre Paie 5

RepresentatIve water prQtectlon C01IlIlllttee
Inter-governmental cQordmatIQn (With adjacent Qr Qther towns)
Intra-gQvernmental coordmatIon (WithIn your community)
ConservatIon COIIlIDlSSIOn, Board of Health, Water Dept. and Water

COIIlIDlSSIOners mput on development proposals
DeSIgnatIOn of a "Water Resources Management Qfficial" to be in charge

of the planmng process and manage the Water Management Act pemut
applicatIons

PublIc EducatIon Program

Economic Related ActIVItIes

True cost pncmg
Rate structure to promote conservatIOn
Rate structure to promQte water conservatIon; seasonal pnCIng, flat rate or

mcreasmg block rate
Transferrable development nghts

ImplementatIonIEnfQrcement

Y=Yes N=No D=Don't know

1. Zonmg and non-zonmg controls that protect groundwater and recharge areas are in place
but all prOVISIOns are nQt fully Implemented Y N D

2. Enforcement proVISIOns are wntten mto eXlstmg and proposed controls
Y N D

3. Enforcement provisIOns under zonmg and non-zonmg bylaws are adequate to address
violatIons. Y N D

4. Use of MGL Ch. 40, Sectlon 21D, Noncrmnnal dIspositIon (enVIronmental
ticketing), is authonzed for the town m whIch the pnmary recharge area IS

located. Y N D

Prepared by:

Title/AffilIatIon:

Date:
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Worksheet C-8
Drinking Water Supply Contingency Plan

(Ohio Environmental Protection Agency, 1992)

"A7E? SUPPLY Cl'l'IT7 :GC:'~CY :L:'~I FOP '10BILE nOUE ;'ARK
-------------...:.:..;;;.:;;.::......;:;.,.:.:..-.~LOCA7:D AT ,OhIO 'AS OF__~~--

Date
COPIES OF THIS PLAN ARE AT iHE FOLL01-lING LOCAiIONS
PARK OFFICE - LIST EXACT lOC~TION - ___
(Desk, Bulle:in 50,lrd, etc.)
PARK OPERATORS RES[DENCE _

PARK "1AINTENANCE BlJIlDING. _

0EVISIONS (~ll coples of ~nlS ~lan must be revlsed as ~he names, adaresses and telephone
numbers of pe~sonnel, suppl1-rs, contractors ana governmental agencles are
are cnanged, as Neil as changes In the water suooly systs~ but at least
annually )

DL\TE REVISED

IN ABSE~CE OF PARK OWNER OR O?~P.ATOR

ine fol1owlng person(s) are :~I::lroughly fam,llar wlth the e."e~gency plan and are
authorlzed to make necessary repalrs to the water system 1n aosence of the owner.

PHONE DURI~G IF NO ANSWER
·~At1E ADDRESS OFFICE \.fOURS .-CA.;;;;;L.;;;.L _

The followlng person(s) are thoroughly fam,llar wlth the plan and are avallable under
e~ergency Clrcumstances.

-------._----------
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Worksheet C-a (Continued)

POTENTIAL EMERGENCY CONDITIONS

Fower- Outage

Park manager shall take all necessary steps as to shut aown the water trea~ent plant
such as turning off the cnemical feed equlpment, dlsconnec~1ng well pump and h1gh
service pumps, to prevent electr1cal damage to equlpment or over feed of cnemlcals
under certa1n condit10ns.

1. Determ1ne the expected length of the electrlcal outage.
2. Determine the amount of water on hand in the distr1but1on system storage tank.
3. Notify the park res1dents if necessary.

Short Term Power Fal1ure (Less than 2 Hours)

(a)
(b)

(c)

If necessary, ask for wa~er conservatlon durlng power outage.
If system pressure should drop below 20 lbs., all water for drlnk1ng and cooking
shall be disinfected before use by bOlling or chlorlnat1on as 1ndlcated under
Emergency Oislnfectlon.
Advise the park resldents when condit,ons are back to normal.

EXTENDED POWER FAILURE (Two Hours or More)

I~
(f

Restr1ct water use for drlnking and cooking.
Notify all necessary partles (see call list).
Notify water users (see Emergency Notlficatlon).
Provide water hauling lf necessary (see Alternate Sources).
Request state aid if necessary (see call list).
~rgency power generating equlpment.

W£t.LS OUT OF SERVICE - CONTAMINATION, LOSS OF WATER TABLE. PUMP FAILURE. ETC.

1.

2.

3.

4.

Should anyone of the wells become contaminated or deteriorated to a condition
that is unable to furnish water of a satisfactory quantlty and quality it shall
then be taken out of servlce unt,l the cause can be determlned. The other well
should then be placed into service.
If one weTl is out of service, depending on severlty of situatl0n, users should
be notified to conserve water durlng weTl repairs ,f necessary.
If both weits are contamlnated or unable to pump water due to the water table
level, shut-down the wells, treatment plant and close the maln l,ne finlshed
water valve.
Notify Ohio E.P.A. and Park Owner.
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Worksheet C.~ (Continued)

5. Obtaln and analyze ....ater samples at __..".,._...",...,.....,..... _
6 Make necessary repa1rs and d,s1nfec~ oer Ohl0 EPA. ,nstructlons.

TREATME~T PL~NT FAILURE (Filters, Softe~ers, etc.)

In the event of filters or softeners, bypass the plant from the raw water maln lnto the
dlstrlbutlon system.

1 Immedlate1y bypass the plant.
2. NOtlfy Ohio E.P.A. and Park Owner.
3. Make necessary repalrs and dlslnfect lf necessary

WATER LINE BREAK - RAW

1. Raw water 11ne breaks from well fleld.

(a) Snut-down wells and plant. See Power Outages Sectl0n.
(b) Isolate area of break.
(c) Notlfy userS of sltuatlon If necessary.
(d) Make necessary repalrs and dlSlnfect.

DISTRIBUTION BREAKS

1. Break in distrlbution main.

(a) Immedlately isolate area of break.
(b) Check for depressurizatl0n of system.
(e) Notlfy users of situation.
(d) Make necessary repalrs and disinfect.

LOSS OF STORAGE CAPABILITY
.....

If the storage tank lS out of serVlce due to contam,natl0n or repalr, pressure relief
valves shall be lnstalled in c!;strlbutl0n system. The we" pumps can be used to
malntaln pressure ln the system. A pressure gauge shall be lnstalled ln the system in
order :0 monltor the system's pressure.
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Worksheet C-8 (Continued)

'~ATER USERS HAV~':G A NEED 1:0R CONTINUOUS 'lATER SUPPLY
~ ADDRESS

(Suggest1on) (It would be heloful to lcent1fy these cersons for health or other reasons
who require a cont1nuous water supply. (i e. med1cal equlpment. etc.) If thlS does
not apply enter '''lONE. "}

~ErrrY FOUR HOUR ~~ONE NUMBERS

~

OHIO EPA DISTRICT OFFICE
SHERIFF'S OFFICE
=IRE DEPARTMENT
:OUNTY DISASTER ~GENCY

::LECTRIC CO.
PL{ONE CO.
LOCAL RADIO STATION
HOSPITAL
9lERGENCY SOUAD
OHIO UTILITIES
PROTECTION SERVICE

jTHER PHONE NU~9ERS

ADDRESS
PHONE DURING IF NO ~NSWER.
OFFI CE HOURS .::::CA~L=L _

1-800-282-9378

1-800-362-2764

MATERIALS (Repa1r Clamps. Valves, P1pe and Fittings. Feeders, etc.)

CHEMICALS (Chlor1ne. Calc1um ~pochlor1te, etc.)

ELECTRICIANS (Local Contractors for Equlpment &Support)
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Worksheet C-8 (Continued)

9ACl(}-lOE

WELL DqILLERS AND PUMP SERVICE

ADDRESS
P~ONE DURING IF NO ANSWER,
OF:ICE ~OURS ~CA~L=L ___

'.IATER SYSTE'! MAP (Attach Coples of /Aaps to the Plan)
(Suggestlon) (ThlS map may be hand drawn and should show locatlon of valves, llnes, etc.

wlth sufflc1ent accuracy to allow others to locate the valve.)

~~ERGENCY NOTIFICATION OF WATER USE~S

(Suggest10n) (Door-to-Ooor, Wr1tten Not1flcatlon, etc,)

In the event of a water related emergency, public lnformat1on wlll be prov1ded to the
reSldents door-to-door by the employees and on the bullet1n board 1n the park office.

1 Not1fy users lf emergency diSlnfectl0n of drlnking water 1S requ1red.
2. Advlse the publlC as to the expec~ed durat10n of the emergency.
3. If necessary, ask for conservat10n.
4. Adv1se If necessary that potable water 1S available at the park office wlth

llmlts for dr1nk1ng and cook1ng.
5. Advlse the publlC when water 1S ava1lable for san1tation.
6. Adv1se the pub11c when cond1t1ons are near normal.

~EqGE~CY SUPPLY OF DRINKIhG WATER

NAME OF SUPPLY LOCATION TO OBTAIN WATER CONTACT PERSON PHONE

TRANSPORTING DRINKING WATER
(Suggest1ons) (Water Haulers, Milk Haulers, Fire Department, etc.)

ADDRESS
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Worksheet C-8 (Continued)

1. Notlfy users of sltuatlon.
2. Make necessary repalrs and dislnfect per Ohl0 E.P.A Distrlct Qfilce

lnstruction.

PROCEDURES TO RETURN THE SYSTEM TO SERVICE

Emergency s1tuations could result In depressurlzatlon or contamlnation of the water sys1em
at a slngle pOlnt ln the distrlbutlon system or over a larger area of the system. If
depressurlzatlon occurs wlthln a small. defined area. the system can be lso1ated by
immedlately closlng valves to keep the spread of possible contamlnatlon. The followlng
steps should be taken:

1. Determlne area to be lsolated and 1solate area.
2. Repalr damages to dlstrlbutlon system and dislnfect lf necessary
3. If repalrs are lengthy. make orOV1Sl0ns for temporary water supply
4. Notify users to bOll all water for drlnklng purposes in affected area.
5. Obtain and test water samoles for posslble contamlnatl0n.
6. Dislnfect affected malns wlth calclum hypochlorlte or other approved method, from

the Ohio E.P.A. Distrlct Office.
7. If contaminated, thoro~ghly flush malns and servlcesi obtaln and test additional

samples.
8. Notify users that problems have been corrected; open valves.

REPAIR PARTS &LOCATION (Inventory of Equlpment, Spare Parts and Chemicals Requlred or
Repalr of the Water System WhlCh are Carrled ln Inventory by
Local Suppllers or Contractors)

PARTS AND SIZE (Valves, Pipe, Repa1r Clamps, Extra Pump, Motors. Chemlcals. etc.)

LOCATION

EMERGENCY DISINFECTION OF DRINKING WATER

See Attached OEM Form PWS-3
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Worksheet C-9
Chemical Spill Enlergency Notification and Documentation
(Adapted from New York State Department of Health, 1984)

ThIs nOllficallon report represc nlS a typical Corm that might be adapted for use In a water supply
contingency plan

PART 1 • FACfS RELATED TO EMERGENCY

1 Person or department calling In emergency _

Phone No /RadIo Crequency

.2 Locallon of emergency

Datemme call receIVed _

Street and HomelBul1dlng number _

Other (approlnmale locallon, distance from landmark, ett.) _

3. Nature of the emergencv (e g. broken water main, chemical spdl, lost pressure in home, etc) __

4 CondlllOn at scene _

S Actual/Potential damage (bnetly describe the situation) _

6 Access restrictions, If any

7 AsSIstance already on the scene (who, what are they domg, ett.) _

PART 2· EMERGENCY INVESTIGATION

1 Personnel Investigating emergency _

2. Reponed results of investlgatlon _

3 Time Assessed ' _

1 Adapted from Emergencv Plannin!! and Response • A Water SupplY Guide for the Supplier of
Water New York State Department of Health, January 1984
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Worksheet C·g (Continued)

EXAMPLE OF EMERGENCY NOTIFICATION REPORT-

PART 3 • EMERGENCY ACTION TAKEN

1 Immediate action laken _

Is immediate action' Permanent _

..". W3!S an emergency crew dispatched: Yes No_

Temporary _

Time arrived on scene _

4. Note all other actions that will be necessary to bring the water supply system back Into operation

PART 4. PERSONSIDEPARTMENTS NOTIFIED OF EMERo'ENCY

Positions

_ alief Operator

_ General Manaccr

_ lo<:al Health Depanment

_ Encinecr

_ Operations Supel'\'1sor

_ Plan\ Manaeer

_ Shift Operator

_ Fire Depanment

_ PClhee Depanment

_ HI~h\\"av Depanment

lo<:al E1eeted OCliClld
\Ma)or, Commissioner elC:.)

_ Depanmen\ or Health

_ Depanment (l( Trnnsponlllion

_ Depanment or EnVIronmental
CoIlSeJ\'Ition

County Ch'll Defense

_ Other (refer to S)'Slem personnd
and suppon call up IIs\s)

_ PrionlY ......Ier users

NC\\'S Media

Name Work Phone Home Phone TIme of Call

Signature of Person Who Fined Out Form

• To be completed and used by water supply system personnel
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Worksheet C-g (Continued)

EXAMPLE OF REI'ORTlNG FORM FOR CHEMICAL INCIDENTS

• ldenuty of contammant matenal

Mantfest/shlpping In\'olcelbllhng label

ShIpper/manufacturer ldenuficallon

Contamer t)-pe

Placardl1abel mformallon

Railcar/truck 4.dlgll IdenufiC3110n number

'Jearest railroad track Intersecuon/hne mtersecuon

• Characterlsucs of matenal, If readllv detect~ble

(for e>.ample, odor, flammable, \'olaule, corrosive)

• Present ph)'SIC31 state of matenal (gas, hquld, sobd)

• Amount already released

• Amount that may be released

• Other hazardous matenals In pro)JmllY

I
• Whether slgntficant amounts of the matenal ~ppear to be

entenng the atmosphere, nearby surface wat~r, storm drams,
or sOil

• Dlrecuon, heIght. color, odor of any \'3por clouds or plumes

• Weather conditIons (includmg "md dlrecuon and speed)

• Local terram condltlons

• Personnel at the scene
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